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Abstract
Nonlinear optics enables the manipulation of spectral and temporal characteristics of op-
tical pulses interacting with a dielectric medium. Optical fibres, as a uniquely practical
medium, provide an environment for effectively exploiting the nonlinear effects. This has
facilitated the rapid growing interest in this field focused on the investigation of fibre-
based sources incorporated with various novel saturable absorber devices for ultrashort
pulse generation.
This thesis reports a series of experiments exploring the ongoing research in the field
of nonlinear optics, including the development of ultrafast mode-locked fibre sources and
their applications in supercontinumm generation and third order parametric interactions
in new carbon materials.
Firstly, the integration of carbon-based materials with rare-earth doped media allows
the demonstration of ultrafast mode-locked laser sources operating at wavelengths across
the near-infrared region in a compact, low cost and environmentally robust scheme.
Power scaling of such sources can be achieved by operating in the all-normal dispersion
regime making use of a glass-substrate saturable absorber device that exhibits a higher
damage threshold.
Supercontinuum generation has been used as an effective method for spectral broad-
ening. Pumping with a conceptually simple and reliable fibre-based system, a continuum
covering from 2 to 3 m is generated in a highly nonlinear GeO2 fibre. This experiment
demonstrates a robust and long-term stable source of radiation in an important band,
coincident with a portion of the atmospheric transmission window.
Finally, the demonstration of a simple and compact nano-material based dual-wavelength
system shows the performance of such devices as a simultaneous saturable absorber and
passive synchroniser. An experimental study of coherent frequency mixing at large fre-
quency shifts in a graphene sample, pumped by a two-colour fibre-integrated source,
proves the strong nonlinear response of this new carbon material.
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1 Introduction
The development of ultrafast light sources has had a major impact in numerous applica-
tions, such as the observation of fast processes in nature aswell as basic scientific research.
Two Nobel prizes have been awarded for the field of ultrafast science and technology:
the observation of transition states of molecules [Zew96] and frequency comb metrol-
ogy [Ude02]. Advances in ultrafast science have been applied as essential tools in a wide
range of fields, such as, medicine and material processing.
Progress in ultrafast science has always hinged on the availability of the sources of
ultrashort optical pulses [Wis08]. The use of ultrashort pulse techniques developed sig-
nificantly with the discovery of Kerr-lens mode-locking in Ti:sapphire in the early 1990’s
[Spe91]. Although these lasers offer a remarkable combination of spectroscopic and ma-
terial properties, which in turn produce powerful lasers and amplifiers, they come at a
large cost and are complicated to operate. More compact, user-friendly and environmen-
tally robust instruments will be needed if femtosecond lasers are to proliferate outside
of laboratory environments and find use in multi-user and mobile facilities. Growing in-
terest has been focused in recent years on the development of fibre-based pulsed sources
due to their major practical advantages, e.g. alignment free and low-cost. Simultaneously,
a number of achievements have been made in materials science which have successfully
been applied to the field of photonics, particularly carbonmaterials (e.g. graphene, carbon
nanotubes) used as the saturable absorbers for stabilising mode-locking in laser cavities
[Nov04, Mar10].
1.1 Overview
The aim of this thesis is to advance the field of pulsed laser development by considering
how newmaterials and cavity designs can improve fibre laser performance. The structure
of this thesis is organised as follows. In Chapter 2, a number of novel saturable absorber
devices including carbon nanotubes, graphene and ionically-doped coloured glasses are
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investigated to establish their nonlinear properties and potential as devices for the passive
mode-locking of fibre-based laser cavities. Chapter 3 focuses on investigating ways of
developing fibre-based sources towards the mid-infrared (mid-IR) spectral region. The
demonstration of passive synchronisation between the ytterbium (Yb)- and erbium (Er)-
lasers by sharing a common saturable absorber, either carbon nanotubes or graphene, is
presented in Chapter 4. In addition, the synchronised two-colour pulses are then used
as a pump source to demonstrate sum frequency generation in an extra-cavity graphene-
polymer composite film at large frequency shift.
The rest of the present chapter is intended to provide the background material utilised
in subsequent chapters. Section 1.2 concerns the basic principles of geometry, structure
and light guidance of conventional step-index and photonic crystal fibres (PCFs). In addi-
tion, the properties of Yb-doped fibre, which will be extensively employed in this thesis, is
reviewed. Section 1.3 concerns the basic theory of light propagation in optical fibres. This
will be followed by a detailed discussion of fibre losses, dispersion, and nonlinear effects.
The basis of mode-locking is introduced in Section 1.4 including the discussion of pulsat-
ing regimes, mode-locking methods and mode-locking regimes. Finally, conclusions are
drawn in Section 1.5.
1.2 Optical fibres
1.2.1 Conventional optical fibre
Overview of silica-fibre
The fundamental optical element in this work is the optical fibre, where nonlinear opti-
cal effects are exploited. Optical fibre was one of the most successful inventions of the
twentieth century as it has led to the development of telecommunication and advances
in ultrafast technologies.
Conventional step-index silica fibres are the most common fibre in use today due to
their widespread use in telecommunication networks . The basic concept of such fibre is
to clad a core fibre with a lower index dielectric, which was proposed by van Heel in 1954
[vH54, Hec04]. The first fibre which applied this idea was manufactured two years later
showing their promise in the field of telecommunications [Arb71]. In the 1970s, a number
of breakthrough improvements were made to reduce fibre losses. Researchers at Corning
developed the precursor to modified chemical vapour deposition to facilitate losses of less
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than 20 dB km 1 [Kec73]. One year later, researchers at Bell labs dramatically reduced
the fibre loss to as low as 0.2 dB km 1 [Fre74], which is very close to the theoretical
limit. This discovery led to the commercial deployment of optical fibres for long distance
communications and enabled many other fibre-based photonic technologies.
The importance and success of optical fibres can be attributed to a number of excellent
properties, shown below :
• Extremely low attenuation (due to the use of high purity materials and careful pro-
cessing)
• Good material properties (chemical stability, resistance and strength)
• Optical confinement over very long distances (100 km)
• Compactness (flexibility, ease of being coiled and packaged)
• Environmental robustness (alignment-free for all-fibre system, less influence of en-
vironmental perturbation compared to bulk systems)
• High power handling (low intrinsic nonlinearity of silica)
Geometry structure
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Figure 1.1: (a) Cross-section of a step-index fibre and (b) guidance in a ray picture of a step-index fibre under
total internal reflection.
The cross-section of a standard step-index fibre is shown in Fig. 1.1(a), consisting of a
central doped core (diameter: 8-60 m), a silica cladding (diameter: 125 m) and an outer
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polymer jacket (diameter: 245 m). Typically, the core region is doped with germanium
or phosphorus oxides to increase the refractive index and the cladding is made of pure
silica. This leads to a higher refractive index of the core (nco) than that of the cladding
region (ncl).
Electromagnetic waves
From Maxwell’s equations it can be shown that the electric field (E) obeys the wave
equation [Sny83]
52E(r; t)  00@
2E(r; t)
@t2
= 0
@2P(r; t)
@t2
(1.1)
where E is the electric field vector and P is the induced electric polarisation. 0 is the
permeability of free space and 0 is the permitivity of free space. It is clear that the time
varying polarisation drives the electric field. For a linear propagation, the relation be-
tween P and E can be written as [Agr07]
P = 0LE (1.2)
where L is the linear susceptibility. In linear medium, L can be expressed using the
relation given by [Agr07]
r = 1 + L (1.3)
where r is defined as the relative permitivity. The refractive index of a material, n, is
given by
n =
p
r =
p
1 + L (1.4)
The real part of n1 defines the magnitude of the propagation vector k, expressed as k =
n!=c while the imaginary part gives rise to the attenuation of the field.
Guidance mechanism
The guidance mechanism can be described using the ray picture, shown in Fig. 1.1(b).
The light is guided along the fibre due to total internal reflection at the core-cladding
interface. The numerical aperture (NA) characterising the range of angles the fibre can
accept, is determined by the refractive contrast between the core and the cladding, given
1L is complex, and thus n is complex.
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by
NA = (n2co   n2cl)1=2 = sin (1.5)
where nco and nco are the refractive index of the doped core and cladding, respectively,
and  is the incidence angle. Due to the axial invariance of optical fibre, the electric and
magnetic field for a given frequency can be written as [Agr07]
E(r; z; t) = Em(r) exp[ i(!t  z)] (1.6)
H(r; z; t) = Hm(r) exp[ i(!t  z)] (1.7)
where Em is the modal electric field distribution andHm is the corresponding magnetic
field distribution. The axial position along the fibre is denoted by z. r is the transverse
position vector over the cross-section (x, y) and ! is the angular frequency.  is the axial
component of the wave vector, known as the fibre propagation constant.  is invariant,
regardless of transverse and axial position. The magnitude of the wave vector is also
constant in any material at k0n where n is the local refractive index and k0 is defined as
2=. Hence, the magnitude of the transverse propagation constant is constrained such
that [Zol05]
kt =
q
k20n
2   2 (1.8)
where kt is the perpendicular wave number and n is the local refractive index (equals to
nco or to ncl). It is important to note that the refractive index profile of the fibre at any
point must satisfy the condition ncl  n(x; y)  nco where ncl and nco are the minimum
and maximum indices. Therefore,  satisfies the condition given by
nclk0    ncok0 (1.9)
kt is real in the core and imaginary in the cladding. In this case only certain values of
the propagation constant are possible, illustrating that the light is guided in the core
and the field in the cladding will decay gradually with distance from the core-cladding
interface. In addition, Eq. 1.9 implies that the fibre may support multiple solutions, which
are known as modes. For a conventional step-index fibre, this can be illustrated using the
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V parameter. With a given core radius a, the V parameter can be expressed as
V = ak0
q
(n2co   n2cl) (1.10)
The number of modes increases with the V parameter. For a single-mode fibre where
only the fundamental mode propagates, it needs to satisfy the condition V < 2:405.
From this, the cut-off wavelength of a single-mode fibre can be calculated. Typically,
single-mode fibres have a small core size to wavelength ratio and a small refractive index
difference between the core and cladding. However, to obtain a strong waveguide disper-
sion (will be discussed in Section 1.3), n2co   n2cl needs to be large. This conflict shows
that other parameters may need to be taken into consideration in order to engineer the
dispersion of a conventional fibre while maintaining single-mode operation. In fact, in
a conventional step-index fibre, the zero dispersion wavelength (ZDW, the wavelength
where the group velocity dispersion is zero) cannot be shorter than 1.27 m, the ZDW
of silica glass. This limitation drove interest in the development of PCF, which has en-
abled optical fibres to be used in a number of applications requiring versatile dispersion
parameters and high nonlinearity [Dud10].
1.2.2 Photonic crystal fibre
The development of PCFs has significantly influenced the nonlinear fibre community due
to their unique properties in terms of the flexibility in design of dispersion and nonlin-
earity.
PCFs were inspired by photonic crystals, which are materials that have structural vari-
ations on the scale of optical wavelengths. Photonic crystals rely on a periodic structure
to alter their optical properties [Tra08]. These unique properties arise from the photonic
bandgap effect. The periodic variations in the refractive index lead to forbidden values of
 in the crystal.
History
Photonic crystal materials were originally conceived in bulk form in the late 1980s. The
first fibre with a photonic crystal structure was a solid core fibre that had a microstruc-
tured cladding [Kni96]. At that time, the major difficulty during fabrication was to main-
tain the structure of the air holes. Three years later, the manufacture of the first hollow
core PCF was reported [Cre99].
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Solid core PCF and hollow core PCF
Figure 1.2: Cross section of a solid core PCF. The grey area is the pure silica and black represents air holes.
The structure of a typical solid-core PCF is shown in Fig. 1.2. It is constructed of a solid
core surrounded by several rings of air-holes. Two parameters are used to characterise
this structure: the hole diameter d and the centre to centre hole spacing (pitch), typically
ranging from 1 to 10 m. A variety of PCFs have been manufactured with air-filling
fractions, d= of less than 0.1 to over 0.9 [Bja03]. This structure can lead to a much larger
refractive index difference ( 25%) than conventional step-index fibres ( 4%) [Rus06].
Solid core PCFs guide light due to modified total internal reflection, which is analogous
to the light guidance in the step-index fibres. The cladding region of solid core PCFs
consists of a series of hollow holes results in a lower average refractive index than the
that of the core.
Different from the solid-core PCFs, the refractive index of the core of a hollow core PCF
can be lower than that of the cladding region2. All PCFs guide by the photonic bandgap
effect. Originating from the periodicity of the cladding, the bandgap effect prevents trans-
mission of frequencies which destructively interfere due to multiple reflections from the
multiple air-silica interfaces. These fibres are also known as photonic bandgap fibres.
Hollow core PCFs are extensively used for guiding light in spectral regions where the
absorption in the glass is relatively high, e.g. the delivery of high power Er:YAG source
at 3 m [Uri12]. In addition, hollow core PCFs can have a very low nonlinearity and
high damage threshold, and thus, they can be used for pulse compression with high peak
intensities since most of the power propagates in the hollow core. Furthermore, hollow
core fibres can be used to exploit the high optical intensity in air or their air holes can be
2In the hollow core PCFs, the refractive index of the core is 1.
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filled with gas for realising a Raman laser [Cou07] or high harmonic generation [Hec09].
1.2.3 Yb-doped fibre sources
A brief introduction to rare-earth doped fibres
The success of the significant reduction in the loss of standard telecom fibre motivated
the development of rare-earth doped gain fibres. By combining the gain of rare-earth
ions with tight optical confinement available in the optical fibre, these materials offer an
excellent medium to produce compact and efficient devices.
The basic concept of rare-earth doped fibres is described as follows. By incorporating
a laser ion into the core of an optical fibre, one obtains a unique medium that exhibits
both a low propagation loss and a high gain [Dig02]. The greater the optical densities,
the higher the probability of encounter between an inverted ion and a single photon, the
higher the optical gain [Dig02].
Currently, a variety of rare-earth doped fibre lasers are commonly used in scientific
research as well as in industry. This thesis, in particular, will focus on Yb, Er, and Tm,
all doped in silicate glass optical fibre. Figure 1.3 shows their emission spectra, in the
spectral region between 1 to 2 m [Pas97, Bar91, Agg06].
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Figure 1.3: Commonly used rare-earth doped fibre emission spectra for a silicate host.
Rare-earth doped fibre lasers have a number of advantages which make them compa-
rable or superior to the bulk lasers, namely, high pump absorption, thermal advantages
(high surface area to volume ratio), and mechanical superiority (compact size and high
environmental stability). Fibre lasers, on the other hand, have their major limitations
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when high pulse energies are required. This is due to the long interaction length of fibre
which leads to undesirable nonlinear effects.
Yb-doped fibre-based sources
The search for higher pulse energies and shorter pulse durations is never-ending. Yb-
doped fibre lasers and amplifiers are now the primary sources for applications requiring
high output powers (e.g. output power>1 kW), e.g. industrial processing and machining
[Lim02]. Yb3+ has a quasi-three level energy structure, shown in Fig. 1.4, containing a
ground state 2F7=2 manifold with four Stark levels and an excited state 2F5=2 manifold
with three Stark levels.
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Figure 1.4: The energy level structure of Yb3+ ion in silica glass.
The absorption band of Yb3+ is relatively broad, approximately starting from 850 nm
to 1050 nm with a peak at 975 nm, shown in Fig. 1.5. Yb3+ can be pumped between the
lowest Stark level and any of the upper sub-levels, but the absorption is much stronger
at 975 nm, so this is the most commonly used. When it is pumped at 975 nm, emission
transitions occur between the lowest upper Stark level and all lower levels. The major
advantages of Yb3+ compared to other rare-earth ions are as follows.
• No non-radiative decay due to the large energy gap between the excited and ground
states. This gives the possibility of generating short pulses with good quality in
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Figure 1.5: Absorption section of Yb in silica glass. Adapted from Ref. [Pas97].
highly-doped short-length gain fibres.
• No excited state absorption of the pump or signal and low quantum defect reduces
thermal loading providing the possibility of scaling the output to high power levels.
• High power InGaAs diodes operating at 975 nm are commercially available, allow-
ing the possibility of producing watt or kilowatt level fibre laser outputs.
• Wavelength tunability and short pulse durations are possible due to the broad emis-
sion band of Yb3+ ions.
In addition, because the transitions of Yb3+ ions are in the 1.0 m regime, Yb-doped
lasers are competing with a number of solid-state lasers e.g. Nd: YAG. Power scaling of
such fibre-based lasers has now led to output powers beyond 30 kilowatts3.
1.3 Linear and nonlinear effects in fibres
In the field of fibre optics, when ultrafast pulses propagate along a fibre, their temporal
shapes, spectra and power are influenced by the combination of fibre loss, dispersion and
nonlinearity. In this section, I will discuss some of the linear and nonlinear effects in
fibres.
3http://www.ipgphotonics.com/
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1.3.1 Pulse propagation in fibres
The standard equation used to describe the propagation of pulses in optical fibres is the
nonlinear Schrödinger equation (NLSE) [Agr07]
i
@A
@z
+ i

2
A  2
2
@2A
@T 2
+ jAj2A = 0 (1.11)
whereA is the envelope of the field, 2 is the group velocity dispersion parameter,  is the
nonlinear parameter and  is the loss coefficient. Equation 1.11 is derived fromMaxwell’s
equations and adapted to single-mode propagation. This environment provides spatial
constraint in the transverse dimensions x and y, and thus, simplifies the description of
the field since an average value can be used over these dimensions. Therefore, this equa-
tion involves only distance along the propagation direction z in time. The envelope of
the field, A, contains the phase information which plays an important role in determin-
ing the way a pulse propagates. The second term refers to the fibre loss (discussed in
Section 1.3.2). The term containing the second derivative with respect to time illustrates
the effects of chromatic dispersion, which will cause pulse broadening (discussed in Sec-
tion 1.3.3). The fourth term describes nonlinear effects, which act to broaden the pulse
spectrally (discussed in Section 1.3.4).
1.3.2 Loss
Loss is an important fibre parameter which measures power loss between input and out-
put. Given an initial power P0 launched at the input of a fibre of lengthL, the transmitted
power P can be written as [Agr07]
P = P0 exp ( L) (1.12)
where  denotes the attenuation constant, corresponding to a measured coefficient of
total fibre loss. Alternatively, the loss coefficient can be expressed in a decibel unit (dB
km 1) using the relation given by
dB =  10
L
log
P
P0
= 4:323 (1.13)
Fused silica fibre has a transmission over a broadbandwavelength range, covering from
an ultra-violet (UV) absorption edge at 0.2 m to an infrared (IR) absorption edge at
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2.5 m (low attenuation in the range of 0.5 to 2 m). For much of the transmission
window, losses are dominated by Rayleigh scattering (/ 1
4
) and material absorption (due
to impurities, such as OH , which is responsible for the dominant peak near 1.4 m).
PCFs exhibit higher losses than conventional step-index fibre. The additional loss arises
from imperfections at the air-silica interfaces or fluctuations of the hole sizes [Rus06]. The
contribution from water absorption loss at 1.38 m is more significant, which can be in
excess of 100 dB km 1 at this wavelength.
For other fibres, such as highly nonlinear fibres, attenuations can vary significantly,
arising from other loss contributions such as different doping concentration4. Examples
of highly nonlinear fibreswith different doping concentrationwill be discussed in Chapter
35.
1.3.3 Dispersion
The interaction between an electromagnetic wave and the bound electrons of a dielectric
is dependent upon the frequency of the wave. This gives rise to chromatic dispersion,
a phenomenon where the phase velocity of a wave is dependent on its frequency com-
ponents. Dispersion causes pulse broadening due to the different phase velocities of the
frequency components given by
p =
!
k
=
c
n(!)
(1.14)
where p is the phase velocity of the propagation wave and n is the refractive index of
the fibre.
For a single-mode fibre, the dispersion of a dielectric waveguide mode consists of the
material and waveguide dispersion.
• Material dispersion originates from the frequency-dependent response of amaterial
to incident electromagnetic waves. This can lead to undesired chromatic aberration
in an optical component (e.g. lens) and the separation of different wavelength in
an dispersive device (e.g. prism). In addition, the material dispersion leads to pulse
broadening, which will be discussed in greater detail in Chapter 3.
4Such as the different concentration of a GeO2 fibre.
5At 2 m wavelength, the attenuation coefficient of 51 mol.%, 75 mol.% and 97 mol.% GeO2 fibre is20 dB
km 1, 30 dB km 1 and 100 dB km 1, respectively [Dia05].
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• Waveguide dispersion is related to the geometry of the fibre, (e.g. core radius, the
refractive index difference between the core and cladding) and occurs due to the
propagation of the fundamental mode in both the core and cladding region of a
single-mode fibre. Given that the mode field distribution is strongly frequency-
dependent, the effective mode index, therefore, varies as a function of wavelength
(frequency).
These effects can be treated in isolation when the refractive index difference between
the core and cladding is small [Glo71]. Although it has been shown that the expression
given by
D = Dm +Dw (1.15)
where Dm and Dw denote the material and waveguide dispersion respectively, is not
quite correct [Mar79], this approximation is valid in conventional fibres due to the small
contribution from waveguide dispersion to the total dispersion of the fundamental mode
(LP01). Even a large percentage error in the waveguide dispersion has little influence.
However, this assumption is invalid in the case of PCFs which typically exhibit a large
waveguide contribution to the dispersion profile.
Mathematically, the effect of dispersion on pulses can be expressed by a Taylor series
expansion of the mode propagation constant () about a central frequency (!0) [Agr07]
(!) = k0n(!) =
nX
i=0
(!   !0)ii
i!
(1.16)
where
i = (
di(!)
d!i
)!=!0 i = 0; 1; 2::: (1.17)
The first order parameter 1 is related to the group delay g given by
1 =
1
g
(1.18)
g describes the overall velocity of the pulse envelope and is inversely proportional to the
group index, g = c=ng .
Higher order dispersion parameters (e.g. 3) become important particularly around
the ZDW, where the group velocity dispersion (GVD) is very small. In this case, the
dispersion effect is dominated by3, which leads to asymmetric broadening and distortion
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of ultrashort pulses.
1.3.4 Nonlinearity
The response of any dielectric to light field becomes nonlinear for intense elecromagnetic
fields [Agr07]. This is a result of the aharmonic motion of bound electrons, which respond
nonlinearly to the electric field. The induced polarisation (P ) dependes upon the intensity
of the electric field (E) and the dielectric susceptibility, which can be written as
P = "0(
nX
i=1
(i)Ei) (1.19)
where "0 is the vacuum permittivity and (n) is the nth order susceptibility. When the
electric field applied is significantly weaker than the internal electric field of the dielectric
material, the induced electric polarisation consists predominantly of the linear suscepti-
bility (1) and as such, results in a linear response within the material. The effects of (1)
give rise to the refractive index n (Re[(1)]) and the attenuation coefficient  (Im[(1)]).
When the intensity of the external electric field is comparable to the internal strength,
the higher order nonlinear terms become significant and need to be taken into consid-
eration. The higher order susceptibilities (n  2) are tensors of n + 1 rank and are
responsible for a variety of nonlinear effects, namely, second harmonic generation and
sum-frequency generation. It is noted that in isotropic materials, (2) is zero under the
dipole approximation. As a result, in some materials, for example silica fibre, graphene
and carbon nanotubes, (2) vanishes. Although nonlinear effects, e.g. second harmonic
generation may occur in such isotropic materials due to quadrupole and magnetic dipole
properties, their efficiency will be very low. Therefore, the dominant nonlinear effects in
such materials are related to (3).
Typically, (3) is responsible for phenomena including third harmonic generation, non-
linear refraction and four-wave mixing (FWM). Its contribution originates from the elec-
tric response of the atoms, the vibrational response of the molecules, thermal effects and
electrostriction effects [Jac98].
For fibres the nonlinear processes involving third-harmonic generation and FWM are
not efficient unless steps are taken to ensure phase matching. Therefore, most nonlinear
effects in fibres originate from nonlinear refraction, referring to the intensity dependence
of the refractive index. (3) is dependent upon the electric field strength, which is a
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function of the intensity at a given point. Consequently, the total index n0 is intensity-
dependent and can be expressed using nonlinear refractive index n2 and intensity I , given
by
n0(!; I) = n(!) + n2I (1.20)
n2 =
3
8n
Re((3)) (1.21)
where n(!) is the linear refractive index of the material. The nonlinear refractive index
gives rise to self-phase modulation (SPM) and cross-phase modulation (XPM) and will
be discussed in the succeeding subsections. The imaginary part (Im[(3)]) gives rise to
nonlinear absorption, leading to effects such as Raman amplification.
Self-phase modulation
Self-phase modulation leads to the spectral broadening of optical pulses. For fibres, this
process is related to two length scales, nonlinear length (LNL), providing the length scale
over which nonlinear effects become significant, and effective length (Leff ), which is
shorter than the fibre length as it takes fibre loss into account. These quantities are defined
as
LNL =
1
P0
(1.22)
Leff =
1  exp( L)

(1.23)
whereP0 is the peak power and is the fibre loss coefficient.  is the nonlinear parameter,
defined as
 =
n2!0
cAeff
(1.24)
where n2 is the nonlinear refractive index, !0 is the frequency, c is the speed of light in
vacuum and Aeff is the effective mode area of the fibre. It can be seen that SPM involves
a phase shift (NL), depending on the intensity of the field, given by
NL(L; T ) = jU(0; T )j2Leff
LNL
(1.25)
39
1 Introduction
where U(0; T ) refers to the field amplitude before being launched into the fibre and T is
the normalised time6. Consequently, the maximum phase shift (max) occurs when T is
equal to zero. If U is normalised and centred to zero such that jU(0; 0)j = 1, then
max =
Leff
LNL
= P0Leff (1.26)
This results in a temporally varying phase which in turn causes the variation of optical
frequency with time. The time-dependent phase change caused by SPM is associated
with a modification of the optical spectrum. This modification is related to the initial
pulse shape and chirp [Sto78]. If the pulse is initially upchirped, SPM leads to spectral
broadening whereas spectral compression will occur if the initial pulse is downchirped.
In a special case of optical pulses propagating in anomalous chromatic dispersion, the
chirp from SPM can be balanced by dispersion and this leads to the formation of solitons
(discussed in Section 1.4.4).
Stimulated Raman scattering
Stimulated Raman scattering (SRS) is an inelastic scattering process of photons from
vibrations and density variations of silica. This process occurs when a photon of fre-
quency (!p) is downshifted or upshifted to a frequency (!s) following by the creation of
a phonon at the appropriate energy and momentum to conserve the energy when prop-
agating through a medium. Such frequency shifted radiation is known as a Stokes and
anti-Stokes wave, respectively [Agr07].
SRS is an important nonlinear process in fibre due to a variety of reasons.
• The waveguide nature of fibre ensures a high power density maintained over hun-
dreds of metres.
• Given that silica is amorphous, there are many available vibrational states which
lead to a very broad gain (over 40 THz wide [Agr07]). The maximum frequency
component (maximum gain) which is downshifted from the pump frequency is 13.2
THz.
6T = t  z=g where z is the distance along the propagation direction in time.
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Stimulated Brillouin scattering
Stimulated Brillouin scattering (SBS) is a stimulated inelastic scattering process, similar to
SRS. This process can be explained by considering the formation of an acoustic wave in the
fibre, generated by the electric field of the pump forming a pressure wave in the material
through electrostriction [Boy03]. The acoustic wave modulates the refractive index of the
fibre, setting up the conditions for Bragg reflection which scatters and reflects the light.
This corresponds to a downshifted frequency due to the Doppler shift associated with the
travelling acoustic wave. In the case of SBS, the Stokes wave propagates in the backward
direction.
Four-wave mixing
Four-wave mixing transfers energy from two photons at separate frequencies !1, !2 by
annihilation to two new generated photons at frequencies !3, !4. Under the energy con-
servation condition, this can be written as
!1 + !2 = !3 + !4 (1.27)
The momentum conservation condition is given by
k = k3 + k4   k1   k2 k = !n=c (1.28)
and k is the wave number.
Additionally, significant FWM occurs only if a phase-matching condition is satisfied
wherek = 0
k = (!1) + (!2)  (!3)  (!4) + 2P0 (1.29)
where 2P0 accounts for the nonlinear phase shift due to the intensity dependent refrac-
tive index and P0 is the pump power. In the explanation above, it was assumed that four
different frequency components interact via FWM. This is called non-degenerate pump
FWM. There is also possibility of degenerate pump FWM, where !1 = !2. In this case,
a strong pump signal at !1 will generate an upshifted and downshifted signal located
symmetrically at !3 and !4, with a frequency shift 
s given by

s = !1   !3 = !4   !1 (1.30)
41
1 Introduction
The upshifted and downshifted sidebands are named as anti-Stokes and Stokes bands.
Additionally, FWM can also be applied for phase conjugation without involving any
frequency shift. In this case, it is called degenerate FWM process.
Cross-phase modulation
Cross-phase modulation describes the interaction between two co-propagating optical
fields through a nonlinear medium without involving any energy transfer. This process
relies on the intensity of not only one beam but also on the intensity of any co-propagating
beams. Additionally, it is always accompanied by SPM.
A parameter known as the walk-off length is commonly used in the discussion of XPM
process,
Lwalk off =

d
(1.31)
where  is the initial pulse width, and d is given by
d =
va   vb
vavb
(1.32)
where va and vb correspond to the group velocity at a and b, respectively.
XPM gives rise to a variety of spectral and temporal effects depending on the group
velocity mismatch between the two pulses and the dispersion length given by
LD =
2
j2j (1.33)
where  is the initial pulse width and 2 is the group velocity dispersion parameter. If I
have a fibre of length L, the co-propagating process, involving nonlinearity and disper-
sion, can be discussed under different conditions:
• if L Lwalk off , L LD , the nonlinear effects are negligible.
• if Lwalk off < L, L  LD , the spectrum is broadened asymmetrically while the
pulse shape is maintained.
• if Lwalk off  L, LD  L, both the spectrum and pulse shape are changed.
We will revisit XPM in Chapter 4 where two lasers at different wavelengths are syn-
chronised and co-propagating.
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Modulation instabilities
Modulation instability (MI) is a feature of optical signal propagation in a nonlinear anoma-
lously dispersive medium. The process can be understood with the formalism of FWM
[Sto75]. It originates from a non-stable solution to the NLSE under perturbation in the
anomalous region and manifests itself as amplification of noise fluctuations of a continu-
ous wave (CW) or quasi-CW field, with frequencies in the parametric gain sidebands and
thus these fluctuations experience gain [Tai86]. Solitons form as a result of being trapped7
in this process. Therefore, ultrashort pulses with peak power orders of magnitude higher
than the initial pump source are generated.
MI is of importance in many applications, e.g. the initial spectral broadening in CW
supercontinuum generation andmeasurement of nonlinearity and dispersion parameters.
A detailed discussion will be presented in Chapter 3.
1.4 The basis of mode-locking
The development of rare-earth doped fibres has led to the tremendous growth of and
advent of fibre amplifiers which have revolutionised the design of fibre-optical commu-
nications systems [Agr01]. In addition, these amplifiers can be converted into fibre lasers
by placing them inside a fibre cavity designed to provide optical feedback. Such lasers
can be made to produce optical pulses of extreme ultrashort duration, on the order of
picoseconds (ps) or femtoseconds (fs)8.
In this section, I will focus on the discussion of mode-locking techniques and operation
regimes.
1.4.1 Introduction to mode-locked fibre lasers
Passivelymode-locked fibre laser sources have been extensively developed in recent years
across a broad range of applications requiring ultrashort pulses, such as micromachin-
7The concept of soliton trapping is commonly used in the MI-induced supercontinuum generation where
strong dispersive wave components can be generated by soliton-dispersive wave interactions. The phase-
matching condition is mediated by third-order dispersion and dependent on the nonlinear phase of the
soliton. FWM resonances between the soliton and dispersive wave. In this case, the interaction of tem-
porally coincident dispersive and solitonic waves through XPM can cause the blue shift of the dispersive
wave having the same group velocity as the red shift of the soliton radiation [Kel12].
8Differing from the field of attosecond generation or signal processing, the pulse duration of the ultrashort
pulse in this thesis refers to a pulse duration of less than 1 nanosecond (ns).
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ing, telecommunications, and medicine, because of their compactness, simplicity, and
low-cost. The history of the fibre laser can be traced back to 1961 when Snitzer used a
300 m-core-diameter Nd-doped fibre in a laser cavity to initiate laser action [Sni61]. A
few years later, with the aim of power-scaling, the fibre amplifier was proposed and re-
ported by Koester et al. where 47 dB gain was achieved through a 1-m long angle cleaved
Nd-doped glass fibre [Koe64]. The major problems which limited the development of fi-
bre based sources in that period were high fibre loss and the limited availability of pump
diodes. Several years later, researchers at Corning reported the low-loss single-mode fibre
waveguide, which was very close to the intrinsic material scattering loss limit [Kap70].
The improvement of fibre loss benefited the fabrication of gain fibre. In 1973, Stone et
al. utilised a low-loss silica fibre doped with a compound of Nd2O3 and Al2O3 and the
core was pumped by a diode [Sto73]. This experiment supported the potential develop-
ment of low-loss, high-efficiency fibre lasers. Substantial improvements were made to
overcome the loss issue due to the growing interest of using fibres for telecomunications.
Researchers at Bell labs successfully reduced the fibre loss to as low as 0.2 dB km 1 in
1974 [Fre74]. Several years later, a group at the University of Southampton developed
Er-doped fibre amplifiers with the advantage that their operation wavelength ( 1.55 m)
minimises the combined effect of dispersion and fibre loss necessary for communica-
tions [Kri95]
Mode-locking is an effective technique to produce ultrashort pulses and has been ex-
tensively used in lasers systems, with the first demonstration [Har64] just four years
after the development of the laser [Mai60]. Figure 1.6 shows the formation of a pulse
train, which is due to the constructive interference between oscillating waves. The si-
multaneous oscillation of a series of highly coherent, phase-locked longitudinal modes
of a resonator which periodically emits ultrashort pulses with the entire energy of the
light field. Pulse durations of less than 10 fs can be generated directly from a Ti:sapphire
laser. A 2.6 fs pulse (1.3 optical cycle transform-limited) was reported by Yamashita et
al. [Mat07], through the compression of an ultrabroadband white-light continuum using
both induced-phase modulation and self-phase modualtion in an Ar-gas-filled hollow fi-
bre. More recently, researchers worldwide have pushed the duration to the attosecond
(as) level based on the high harmonic generation method [Chr97, Pfe06].
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Figure 1.6:The formation of a pulse train resulting from constructive interference between oscillatingwaves.
(a) Arbitrary temporal intensities for one, three and five modes. (b) Fixed phase relationship (blue) for a pulse
train and random phase (green) for a CW signal.
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1.4.2 Introduction to pulsating regimes
While the shortest pulses have been generated by a continuous-wave (CW) mode-locked
laser, there are other pulsating regimes: gain switched9, Q-switched, and Q-switched
mode-locked. We will start by brief discussing the definition of the different regimes.
Gain switching
Gain switching is a direct method to generate pulses by modulating the laser gain via
the pump power. In this approach, a high pump power is applied to a laser. If the gain
coefficient exceeds the loss coefficient, optical pulses are produced. The pulse duration
obtained can be shorter than the pump pulse and the higher the pump pulse energy, the
shorter the pulse build-up time or the required pump pulse duration. This technique has
been widely exploited in pulsed semiconductor lasers as it is easy to modulate the electric
current used for pumping.
Q-switching
Q-switching is a technique used extensively with optically pumped solid-state lasers. In
this scheme, the emission of pulses is achieved by decreasing the resonator loss peri-
odically with the use of an intra-cavity modulator [Sal91]. Therefore, the Q-switching
scheme can be explained as a loss switching. This technique is based on storing energy
in the atoms in the form of an accumulated population inversion during the off-times.
Subsequently, during the on-times, the stored energy is released and intense pulses are
generated. A Q-switched laser normally produces high average output power (watt or
kilowatt level depending on the laser type/configuration) at tens or hundreds of kilohertz
repetition rate and the pulse duration is normally on the order of nanosecond scale.
Mode-locking
Ultrashort pulses are in most cases produced by mode-locked lasers. A mode-locked cav-
ity (both Q-switched and CW mode-locking) contains either an active device or a non-
linear passive element, producing a loss modulation to help the formation of the pulse
circulating within the cavity. Differing from the previous two regimes, this method is
obtained by coupling the longitudinal modes of a laser and locking their phases to each
9Gain-switched, Q-switched and Q-switchedmode-locking are briefly introduced here for the completeness
of pulsating regimes.
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other. In the time domain, the output of a mode-locked laser is a train consisting of short
pulses with a fixed separation (T ),T = c=L for a ring configuration, andT = c=2L
for a linear configuration where L is the optical length10 of the resonator. The frequency
of mode-locked pulses is the reciprocal of the round-trip time. The pulse duration is
much shorter than the cavity round-trip time and depends on the factors including the
gain bandwidth, modulation depth of the modulator, and the bandwidth limited element,
such as a bandpass filter.
The incorporation of a saturable absorber into a laser can achieve mode-locking. Typ-
ically in a solid-state cavity, however, this introduces a Q-switching tendency that can
drive the laser into the regime of Q-switched mode-locking (shown in Fig. 1.7(a)). The
output pulses are generated underneath a Q-switched envelope, leading to a large oscil-
lation of pulse energy. These instabilities are unwanted for many applications, implying
the strong fluctuation of parameters and showing that pulse parameters do not reach a
steady state. These drawbacks can be overcome through several methods: using a small
mode area (large cross section) fibre; incorporate an electronic feedback to build up the
stability of the resonator; reducing the loss or increase the intra-cavity power; optimising
the modulator (for example, saturable absorbers).
Time
(a) (b)
T T
Figure 1.7: Mode-locked pulse trace in the time domain, (a) Q-switched mode-locking and (b) CW mode-
locking.
The theory of stability limits for ultrashort pulses in a solid-state laser was developed
by Kärtner [Kae95] and subsequently extended by Hönninger [H9¨9], deriving a criterion
for the minimum intra-cavity pulse energy, which is required for obtaining stable CW
mode-locking (shown in Fig. 1.7(b)), a regime preferable for many applications where a
10Optical length is the product of the refractive index of the fibre n and fibre length.
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constant pulse energy and high repetition rate is required
E2p > Esat;gEsat;aR (1.34)
where Ep is the intra-cavity pulse energy, Esat;g is the saturation energy of the gain
medium,Esat;a is the saturation energy of the absorber, andR is the modulation depth.
Although modifications need to be made to Eq. 1.34, such as to include the interplay of
dispersion and nonlinearity, gain filtering, and effects caused by the saturable absorber,
this expression describes a qualitative understanding of the dynamics with reasonable
parameters agreeing with experimental results [H9¨9]. It is clear that the threshold of CW
mode-locking can be reduced by decreasing the saturation energy and modulation depth
of the saturable absorber, which can be achieved by careful design. However, this optimi-
sation is a trade off: a small modulation depth will lead to the reduction of self-starting
performance, particularly in fibre lasers, where a relatively large modulation depth is re-
quired (normally over 10 %) due to the strong gain efficiency, significant nonlinearity and
dispersion. The discussion of mode-locked fibre lasers with saturable absorber (SA) is
outlined in Chapter 2. It should be noted that mode-locking in the following chapters of
this thesis refers to the CW mode-locking regime.
1.4.3 Methods of mode-locking
The methods of mode-locking can be divided into two categories: active mode-locking,
where the mode-locking element is driven by an external modulator; and passive mode-
locking, where the element which induces mode-locking exploits a nonlinear optical ef-
fect.
Active mode-locking
Active mode-locking will not be discussed in this thesis beyond a brief description of the
basic mechanism. This technique was first investigated by Kuizenga and Siegman [Kui70]
using a Gaussian pulse analysis. Active mode-locking can be implemented using: an
amplitudemodulator (AM), a phasemodulator (PM), or synchronous pumping - a periodic
modulation of the laser gain at a repetition rate equal to the round-trip frequency. AM
and PM are typically used for short pulse generation (< 1ps) rather than mode-locking
by synchronous pumping, which generally is applied to active media with nanosecond
relaxation time (e.g. dye media). The principle of active mode-locking is shown in Fig. 1.8.
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This technique involves the periodic modulation of the resonator loss or of the round-trip
phase change. The pulse is selected through a periodic loss modulation process, as it can
pass through only at the loss minima. Therefore, the intra-cavity field is modulated at the
same frequency of the repetition rate of the modulator. The pulse width depending on
the attenuation of the wings, which effectively leads to pulse shortening in each round
trip, but tending to broaden when this shortening process is offset by other effects, such
as gain narrowing, is typically in the picosecond range.
An analytical solution can be approached based on the master equation [Hau75a]. The
modulation strength (Ms), corresponding to the curvature of the loss modulation in the
time domain at the minimum loss point can be written as [Hau00]
Ms =
M!2M
2
(1.35)
where M is the maximum amplitude of the loss profile. The pulse width (based on the
Kuizenga-Siegman theory) is the fourth root of the ratio between gain dispersionDg and
modulator strengthMs, given by
4 =
2g

2gM!
2
M
(1.36)
where g and
g are the saturated single-pass gain, and gain bandwidth respectively. Equa-
tion 1.36 shows that the achievable pulse width is inversely proportional to the fourth root
of the curvature in the loss modulation and is limited by the speed of the external signal
generators, which is not very fast.
Passive mode-locking
The shortest pulses reported to date have been generated using passive mode-locking
techniques. The two main methods of passive mode-locking are: artificial saturable ab-
sorbers, using the nonlinear refractive index or birefringent properties, which arewavelength-
independent, such as Kerr lens and nonlinear polarisation rotation (NPR); and real sat-
urable absorbers, where the nonlinear process is applied through thewavelength-dependent
absorption properties of the materials, such as semiconductor saturable absorber mir-
rors (SESAMs), carbon nanotubes [Set04, Has09, Bao09] and graphene [Has09, Bao09,
Sun10a, Sun10b]. Passive mode-locking with saturable absorbers is the most commonly
used method in fibre lasers due to the ease of integration in an all-fibre configuration.
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Figure 1.8: Diagram of active mode-locking process
The incorporation of saturable absorber devices (SADs) in laser systems to initiate and
stabilise mode-locked performance is ubiquitous, with the first demonstration just five
years after the development of the laser [Moc65].
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Figure 1.9: Carrier dynamics in a bulk semiconductor material
The mechanism of the nonlinear absorption process in laser systems can be described
as a self-amplitude modulation introduced by SADs to the laser radiation. Low-intensity
wings experiencemore loss than the high intensity peaks. Mode-locking starts from noise
fluctuations. After circulating in the laser cavity, preferentially amplified noise spikes
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Figure 1.10: Parameters in the absorption process to achieve mode-locking.
become strong enough to saturate the gain level and reduce the loss in the saturable
absorber, reaching a steady state and as such a stable pulse train is formed. This saturation
process in absorbers can also be explained from an energy perspective, based on carrier
dynamics. When absorbing sufficient light, carriers from the valence band are excited to
the conduction band. Figure 1.9 illustrates this carrier dynamics in a bulk semiconductor
material, as an example. In the strong excitation, the absorption is saturated as the initial
states of the pump are depleted and the final states are partially occupied.
Figure 1.10 shows the two time-scales in this regime: a short time-scale, intra-band
thermalisation (on the order of hundreds of femtoseconds to a few picoseconds) and a
long-time scale, inter-band recombination (on the order of a few picoseconds to nanosec-
onds). The contributions of the short time-scale includes: a coherent regime with a dura-
tion of 10-50 fs, depending on conditions and materials, a 60-100 fs time-scale of carrier-
carrier scattering setting in and leading to the destruction of coherence and thermalisation
of the electron and hole gas, and a 0.3-1 ps interaction between carrier gas and the lattice,
all of which results in the partial recovery of the absorption. The time-scale, also known
as the lifetime, is dependent on the nature of material. However, this can be engineered
over a large range of values, by manipulating the growth conditions and purity of the
materials, for example, special low-temperature growth leads to very short lifetimes, a
subpicosecond (<0.4 ps) carrier lifetime was measured for GaAs grown by MBE at 200 C
(raised the substrate temperature to 600 C for 10 min) [Gup91].
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Figure 1.11: Description of the different pulse shaping regimes in mode-locked lasers, with the blue line
indicating the pulse duration, red line indicating the dispersion and the grey dashed line indicating the chirp.
Adapted from [Wis08].
1.4.4 Mode-locking regimes
In the previous section, I have discussed active and passive methods to produce ultrashort
pulses. However, the management of the interplay of cavity dispersion, nonlinearity and
bandwidth-filtering effect has permitted the development of lasers with various types of
ultrashort pulse shape. To better understand the dynamics of mode-locked lasers, four
broad regimes of operation (shown in Fig. 1.11) will be introduced in this section, includ-
ing soliton, dispersion managed soliton, self-similar and all-normal dispersion.
Soliton
The soliton laser, where the accumulated nonlinear phase shift is balanced by the negative
linear dispersion (GVD), has been commonly applied to generate ultrashort pulses. The
soliton pulse is a solitary-wave solution of the NLSE [Mol84,Mol86, Has84, Dud10], which
is a special class of nonlinear equations that can be solved using the inverse scattering
method [Zak72, Tay92]: an approach similar to the Fourier transform method11. In this
method, an initial value pulse shape is transformed to obtain a description of the pulse
regarding eigenvalues and eigenfunctions of a scattering problem. The final pulse shape
can be reconstructed from the inverse scattering equations. It has been shown in Ref.
[Zak72] that the real and imaginary parts of the bound-state eigenvalues correspond to
11All these methods have used switching between domains.
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the velocity and soliton energy, respectively.
The soliton order N (N is an integer) is defined as
N2 =
LD
LNL
=
P0
2
j2j (1.37)
where  is the width of the incident pulse. The high-order soliton forms a bound-state of
the NLSE that undergoes a periodic temporal evolution with an order independent length
called the soliton length given by
Zsol =

2
2
j2j (1.38)
High order solitons are a collection of co-propagating fundamental solitons (N = 1) with
identical group velocity, but having different peak powers and durations. The total soliton
energy has to be equal to or less than the total pulse energy. Energy not in the soliton will
disperse on propagation. The fundamental soliton is the simplest soliton solution which
is a self-reinforcing wave, propagating without any change in shape. The pulse envelope
can be described using a hyperbolic-secant function, written as
U(T; z) = E0sech(T) exp(
iz
2
) (1.39)
where T = t   zvg , vg is the group velocity, z is the propagation distance, and E0 is
the peak soliton amplitude, which determines the soliton width. The area of the soliton,
an amplitude-independent parameter, is used to describe the stability of solitons. The
full width at half maximum (FWHM) pulse width is related to the soliton width by  =
T0=1:76.
As shown in Fig. 1.11, the accumulated phase shift on propagation in an anomalously
dispersive fibre is constant over time, so the pulse shape is preserved. However, perturba-
tions to the amplitude of the solitary-wave introduced by gain or loss results in a change
in the soliton length such that the product of soliton energy and duration is preserved
given by
E0T0 =
s
j2j

(1.40)
where 2 and  denote the group velocity dispersion and nonlinearity parameter, respec-
tively. This shows that the requirement of the peak power (P0) to maintain a fundamental
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soliton is
P0 =
j2j
2
(1.41)
In fibre lasers with net anomalous dispersion, the soliton experiences perturbations
through interaction with the differing regions of dispersion, amplification and loss. In
this case, a stable soliton can be formed only if the length scale of the generated soliton
(Zsol) is long compared to the length scale of the perturbation (ZA). This process is known
as guiding-centre or average-soliton model [Has90], shown in Fig. 1.12.
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Figure 1.12: Guiding-centre or average-soliton model, where the dashed grey line presents the average peak
power of fundamental soliton.
In practical soliton lasers, under perturbation the soliton adjusts to maintain its shape,
shedding radiation. The soliton field interacts with the dispersive-wave, at certain fre-
quencies the two waves become phase matched12 giving rise to characteristic sidebands
observed in the optical spectrum and proved in the theoretical studies [Kel92].
These symmetric structures can be used to estimate the net GVD in soliton laser cavi-
ties. With a given central wavelength and a FWHM pulse width (hyperbolic-secant pulse
shape), the spectral sideband separation is written as [Nos92]
 =  
2
2c 1:763
r
 1 + 8Zsol
ZA
(1.43)
12Particularly in fibre lasers, resonant coupling can occur, when for some optical frequencies the relative
phase of soliton and dispersivewave changes by an integermultiple of 2 every round trip time, expressed
as
2N = L(s   d) = L
4zsol
  2
2
!2 (1.42)
where s and d correspond to the transmission coefficient of dispersion and soliton radiation.
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Typically, the maximum pulse energy of a soliton laser is limited to tens of picojules
[Tam94]. An increase in the pumping power (and thus the pulse energy) results in wave-
breaking, and will lead to multi-pulse operation. Although soliton lasers are not suitable
for power scaling, they are desirable due to the high pulse quality and near bandwidth-
limited operation13.
Dispersion managed soliton
A soliton pulse becomes unstable when the period of perturbation approaches 8Zsol
[Mol86, Kel92, Tam93]. Given that the soliton is perturbed by the amplification (gain)
in a soliton laser at least once per round-trip time of the cavity (L), this applies a con-
straint, and thus, the shortest stable supported soliton must satisfy L < 8Zsol [Mol86].
Similarly, given the amplitude and pulse width of a stable soliton obey the soliton area
theorem [Tam93], both the duration and energy are limited by  >
p
(Lj2j)=4 and
E0 <
p
4=L, respectively. 2 is the group velocity dispersion parameter and  is the
nonlinear parameter.
This limitation creates a practical difficulty in achieving high energy, femtosecond
pulses operating at short round-trip time, where the cavity length of the generation of
shortest observed pulses typically has a value that is comparable to the soliton length
[Tam93]. While sub-hundred femtoseconds pulses were reported by using amplifying
or dispersion decreasing fibres for external compression [Ric92, Che93], an effective and
compact solution to solve this issue is to manage the net dispersion to be close to zero
[Hau00]. A demonstration of a 77 fs pulse durationwith 90 pJ pulse energy in a ring cavity
was reported by Tamura [Tam93]. The pulse was stretched and compressed by a factor
of 20 while propagating within the cavity since the cavity comprised sections of positive
and negative dispersion fibre, such that in one round-trip the pulse chirped from positive
to negative and back. This periodic broadening and compression over a single round-trip
is known as breathing. The solutions are known as dispersion managed solitons, with a
temporal shape often described using a Gaussian14 rather than hyperbolic-secant pulse
shape.
Pulse durations approaching a few optical cycles have been demonstrated with this
13The minimum time-bandwidth product is obtained for bandwidth-limited pulses, such as 0.315 for
bandwidth-limited sech2 shaped pulse, and 0.44 for Gaussian shaped pulse.
14The Gaussian-shape pulse solution is justified on theoretical grounds by solving the NLSE and the exper-
imentally observation. For a more complete discussion I refer to Ref. [Hau95].
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approach, where the record pulse duration of an Yb-doped and Er-doped fibre laser was 25
fs [Lan13] and 37 fs [Ma10], respectively. Additionally, dispersion managed soliton fibre
lasers can tolerate a larger nonlinear phase shift of NL   (shown in Fig. 1.11) than
soliton laser cavities. This approach scales the energy of the pulses exceeding nanojule
level [Ild02, Lim03, Ild03], demonstrating an order of magnitude improvement over the
soliton laser.
Self-similar
Solitary-wave propagation of short optical pulses in amplifying, dispersive media was
first reported by Bélanger et al. in 1989 [Bél89]. This was followed by a demonstration
reported by Anderson where short pulses in normal dispersion (GVD) fibres, subject to
strong gain, converge asymptotically towards a parabolic temporal profile, having a linear
chirp [And93]. Several years later, a numerical study on the amplification and compres-
sion of a highly linear chirped pulse was reported by Tamura and Nakazawa [Tam96].
The first experimental observation of the generation of such pulses was reported from
an Yb-doped fibre amplifier. This was followed by a comprehensive theoretical analysis
demonstrating the self-similar nature of the generated pulses [Fer00a]. In such systems,
the pulse shaping is dominated by net normal dispersion and high gain. Their solutions
are known as self-similar pulses and have been proven that they can tolerate a larger
nonlinear phase shift (NL  , shown in Fig. 1.11) without wave-breaking compared
to soliton and dispersion managed soliton pulses [Dud07].
Self-similar pulses are asymptotic solutions of the NLSE in the high-intensity limit
[Dud07], where the pulse chirp increases monotonically in the fibre such that causes an
exponential increase in both the temporal and spectral widths. However, this may result
in an unstable operation if no bandwidth limiting element is included in the cavity. In
fibre lasers, the finite gain bandwidth (e.g. 30 - 40 nm for Yb-doped fibre) can behave as
the restricting element. Pulses exceeding tens of nanojule level have been demonstrated
with this approach. To achieve a shorter pulse duration, the output of self-similar lasers
are usually externally compressed.
All-normal dispersion
In recent years, the investigation of fibre lasersmode-lockedwith large positive GVDhave
attracted considerable attention since a large nonlinear phase shift can be tolerated, en-
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abling pulse energy scaling, which has permitted the development of robust high-power
systems. Lasers operatingwithout any dispersion compensation generate longer duration
and highly chirped pulses. These pulse solutions are known as dissipative solitons, which
have been observed in a Kerr-lens mode-locked Ti:sapphire laser reported by Proctor et
al. in 1993 [Pro93]. Stable pulses in positive GVD laser cavities do not depend on soliton-
pulse shaping. Gain dispersion acts as a pulse shortening process for chirped pulses by
cutting the leading and the trailing edges. This action is balanced by the temporal broad-
ening due to the positive GVD. In the frequency domain, the narrowing of the spectrum
due to gain dispersion is compensated by the generation of spectral bandwidth through
SPM. The generated pulses always possess a predominantly linear chirp, which can be
compressed with a negative GVD element, e.g. bulk gratings.
Much progress has been made on scaling the pulse energy of all-normal dispersion
(ANDi) fibre lasers. Examples of experimental studies exploiting the shaping of chirped
pulses by the action of a spectral limiting element include a demonstration reported by de
Matos et al. in 2004 [dM04]. In addition to the theoretical studies [Akh05, Ren08a], a num-
ber of review articles [Nau05, Wis08] have also been reported. More recently, researchers
worldwide have reported the generation of ultrafast pulses with energies exceeding mi-
crojule level from fibre lasers with chirp (positive GVD) 1 to 2 orders of magnitude larger
than that can be achieved with existing mode-locked lasers [Ren08b, Kob08, Kel09b].
These lasers are known as giant chirped oscillators (GCOs). The behaviour and perfor-
mance of these GCOs has been also be demonstrated by numerical simulations [Ren08b].
Their pulses, which are dissipative solitons, can be dechirped to near the transform limit
[Ren08b]. To achieve a large pulse energy, stable chirped pulses are usually generated at
low repetition rate. This means that a GCOmay eliminate the stretcher, pulse-picker, and
preamplifier stages from a fibre-based chirped pulse amplification system. A demonstra-
tion of the GCO will be discussed in Chapter 2.
1.5 Summary
In this chapter, the basic principles of conventional step-index fibres and PCFs have been
reviewed. This was followed by an overview of the optical properties of Yb+3 ions. Ad-
ditionally, I have presented a brief discussion of linear and nonlinear effects experienced
by light while propagating in optical fibres including fibre losses, dispersion, and nonlin-
earity. Furthermore, the basic mechanism of mode-locking has been examined, including
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the discussion of pulsating regimes, mode-locking methods and mode-locking operation
regimes.
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This chapter describes the development of ultrafast fibre lasers utilising novel saturable
absorber devices (SADs), in particular it focuses on the use of carbon-based materials
in systems based on established rare-earth doped amplifier technology: ytterbium (Yb)-,
erbium (Er)- and thulium (Tm)-doped fibres pumped by high power multi-mode diodes.
The basic background of saturable absorbers is reviewed in Section 2.1. Section 2.2 focuses
on theories of mode-locking with a saturable absorber device, a mature and widely used
technology to initiate and stabilise mode-locking, which has been widely employed in
laser cavities, particularly in experiments described in this thesis. From Section 2.3 to
2.5, a number of commonly used saturable absorber devices are introduced, with specific
emphasises on single-wall carbon nanotubes (SWNTs), double-wall carbon nanotubes
(DWNTs), graphene and ionically-doped glass saturable absorber. The characterisations
of saturable absorber devices are presented and the demonstrations of the use in laser
cavities for ultrashort pulse generation are shown. Conclusions are drawn in Section 2.6
with a discussion of possible future directions of the improvement.
2.1 The basis of saturable absorbers
2.1.1 Key parameters of saturable absorbers
Parameters that characterise a SAD and govern mode-locking performance, such as pulse
durations and output power, differ depending on the round-trip gain and loss, dispersion
and nonlinearity of a laser system, are described below
• Wavelength range: the wavelength range of a saturable absorber is the range over
which it is capable of absorbing power and showing saturation behaviour. Typi-
cally, semiconductor saturable absorber mirrors (SESAMs) have very narrow band
operation (few nanometres), while carbon nanotubes and graphene have excellent
versatility of wavelength operation.
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• Relaxation time: relaxation time of a saturable absorber is its intrinsic response time
which can strongly influence the pulse duration, particularly in a bulk laser without
dispersion management. Saturable absorbers can be divided into two categories
based on their relaxation time:
1. Fast saturable absorber, with relaxation time of hundreds of femtoseconds or
a few picoseconds. Typically, a fast saturable absorber is meant to support a
short pulse duration (pulse duration< 1 ps).
2. Slow saturable absorber, with relaxation time of tens of picoseconds to nanosec-
onds. Typically, a slow absorber is strongly saturated and exhibits ease of
self-starting.
• Modulation depth: the modulation depth of a saturable absorber is the maximum
change in absorption. This wavelength-dependent parameter can be measured
through a Z-scan experiment. Typically, a larger modulation depth is required for
fibre lasers, where the round-trip gain and loss is high, and dispersion and nonlin-
earity strongly influence pulse formation.
• Saturation intensity: the saturation intensity of a saturable absorber is the optical
intensity in the steady state required to reduce the absorption to half of its un-
bleached value, which can also be characterised in a Z-scan measurement. The
saturation intensity is the corresponding optical intensity, which is the saturation
power per unit area. For a low-gain laser amplifier, saturation intensity can be
calculated using
Isat =
h

(2.1)
where h is the photon energy at the signal wavelength,  is the absorption cross
section at the emission wavelength and  is the lifetime.
• Non-saturable loss: the non-saturable loss refers to the part of the losses which can-
not be saturated. It is an intrinsic material property but can be strongly influenced
by fabrication process.
• Damage threshold (in terms of intensity or fluence): the damage threshold consti-
tutes an upper thermal limit of a saturable absorber.
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2.1.2 Techniques for measuring parameters
There are two fundamental methods for measuring nonlinear optical properties of sat-
urable absorbers, which have been investigated extensively, motivated by the interest in
the use of these materials in nonlinear absorption devices: pump probe and Z-scan.
The pump probe technique is used to obtain information on ultrafast phenomena. The
general principle of this method is that a source is split by a beam splitter, with one of
the beams propagating through an adjustable time delay, controlled by an optical delay
line. The sample to be measured is excited by a pump pulse and a probe pulse which
‘probes’ the sample and does not excite it, either in a transmissive or reflective geometry.
By monitoring the probe pulse as a function of the time, the generated excitation from the
pump signal is obtained. A typical pump probe response of a saturable absorber is shown
in Fig. 1.10. It should be noted that the results are normally averaged over a number of
pulses and the temporal resolution of the measurement is limited by the pulse duration
of the source.
Another well-known method which is commonly used to measure the strength of the
Kerr nonlinearity, two-photon absorption coefficients, or other nonlinear optical con-
stants is the Z-scan technique. In this method, the incident intensity or fluence of the
beam incident on the sample varies by moving the sample along the beam axis through a
focus. A detailed discussion of this method will be shown in Section 2.5.2.
2.2 Fundamental theory of saturable absorbers
2.2.1 Mode-locking without SPM and GVD
Fast saturable absorber model
In the initial treatment of mode-locking with saturable absorbers, it is assumed that no
additional pulse shaping is involved in the resonator, and so pulses are dominantly shaped
by the nonlinear saturation process of such devices. When a fast saturable absorber is
employed, the gain is assumed to be time-independent and constant (the horizontal black
line showed in Fig. 2.1(a)) during the passage of the pulse, which is valid in fibre systems
as the relaxation times of rare-earth ions (1 ms) [Cla65] are much longer than the cavity
round-trip time. Pulse durations in this situation are mainly dependent on the relaxation
time of saturable absorbers. The response of saturable absorbers to pulses are considered
instantaneous and it is assumed that the absorber can fully recover within the round-trip
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time of the laser cavity. The theory describing the absorption through a fast saturable
absorber was developed by Haus et al. in 1975 [Hau75b] and the evolution is given by
(t) = s0(1 + I(t)=Isat)
 1 (2.2)
where s0 is the non-saturable loss, I(t) is the instantaneous intensity as a function time
and Isat is the saturation intensity of the SA.
Loss
Gain
Time
(b)(a)
Loss
Figure 2.1: Model of pulse shaping action of a (a) fast saturable absorber and (b) slow saturable absorber in
passive mode-locking. Adapted from Ref. [DI06].
By assuming the saturation of the absorber device is relatively weak, the corresponding
analytical results for the pulse durations of passive mode-locked saturable absorber based
lasers can be written as [Hau91]:
2 =
2g0
 jAj2
2g
(2.3)
where  is the self-amplitude modulation coefficient, g0 is the saturated gain, A is the
pulse amplitude, and 
g is the gain bandwidth.
Slow saturable absorber model
As shown in Fig. 2.1(b), when a slow saturable absorber is used, a dynamic gain (indi-
cating by the black curve) with the passage of a pulse has to be taken into consideration
instead of a time-independent gain. In this case, the analytical description of the mode-
locking process becomes complicated. The response of saturable absorbers to pulses is
not considered instantaneous. The generated pulse duration is not purely limited by the
relaxation time of saturable absorbers, but by the window of net gain between the satu-
62
2.2 Fundamental theory of saturable absorbers
ration of the absorber and the saturation of the gain.
The behaviour of a slow saturable absorber is described by a time-dependent power-
loss coefficient, depending on the parameters of the absorber and the incident pulse.
The theory was firstly reported by Haus et al. in 1975 [Hau75c] and then developed
by Paschotta et al. in 2001 [Pas01]. The absorbed fluence is commonly used for slow
saturable absorber calculations (saturation intensity per unit area) and is given by
(t) =

h
1  exp

 F (t)Fsat
i
F (t)
Fsat
(2.4)
where is equivalent to the modulation depth, F (t) and Fsat are the instantaneous and
saturation fluence, respectively. Following Refs. [Mar85, Akh98, Kal99], the analytical so-
lution of the corresponding pulse width in slow-saturable-absorber-based mode-locking
models can be derived. In most experimental cases, however, the absorber normally op-
erates at few times its saturation fluence, and the estimated pulse duration is given by
[Pas01]
2 =
1:15g
R
2g
(2.5)
where g is the power-gain coefficient, R is the modulation depth, and 
g is the gain
bandwidth. It should be noted that Eq. 2.5 reasonably matches the results from numerical
simulations when the absorber is operated at 3-5 times its saturation fluence which is
relatively close to the experimental conditions [Pas01].
2.2.2 Mode-locking with SPM and GVD
While analytical solutions of pulse width using either a fast or slow saturable absorber
model are shown in Eq. 2.3 and Eq. 2.5 respectively, the achievable pulse durations can
be affected by nonlinear effects and dispersion, which play a dominant role in pulse for-
mation in fibre lasers. One of the most common phenomenon observed in fibre lasers is
soliton pulse mode-locking, where negative dispersion (group velocity dispersion (GVD))
is involved. In the case of strong soliton pulse shaping, the absorber does not have to be
fast since the pulse shaping relies on the combination of GVD and SPM. This leads to a
reduction of the pulse width: by a factor of 2-3 shorter than using pure saturable absorber
mode-locking [Hau91], and is dramatically larger in a slow saturable absorber than a fast
one [Kur98]. For soliton pulse shaping, it should be noted that the absorber is only used
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to initiate and stabilise the soliton against the continuum.
While the combined effects of GVD and SPM can significantly shorten the durations,
instabilities such as pulse breaking are often observed. For soliton pulse shaping, the
full width at half maximum (FWHM) pulse width is proportional to the square root of
negative dispersion (2), the inverse of the pulse energy (E0) and the square root of phase
modulation coefficient ()
T =
1
E0
s
j2j

(2.6)
As the pulse duration decreases, the pulse energy increases and the absorber will be sat-
urated without providing any further pulse stabilisation at a certain power. The pulse
energy continues to increase until either continuum breakthrough or the pulse breaks up
to reduce the energy of each sub pulse, with each single pulse breaking up into double-
or multi-pulses. It should be noted that once the absorber is strongly saturated by a high
energy single pulse before pulse breaking, it will also be saturated for the multi-pulse
solution. Pulse breaking can be overcome by precisely adjusting the intra-cavity power,
so as to lower the peak power and reduce the nonlinear effects.
2.3 Carbon nanotubes
A number of saturable absorber devices, with parameters optimised for the use in fibre
lasers, have been investigated and widely employed to achieve reliable mode-locked per-
formance. In this section, the properties of several commonly used saturable absorber
devices will be discussed. This will be followed by a series of demonstrations utilising
such devices in laser cavities to initiate and stabilise the mode-locking performance.
With advances in technology, the ability to manipulate the structure and composition
at the nanoscale has opened the horizons to create new materials (particularly nano-
materials), such as carbon nanotubes (CNT), which are graphene sheets rolled up into
cylinders with diameters on the order of a few nanometres and up to a few millimetres
in length. This large length-to-diameter ratio and other valuable properties, for example,
extraordinary thermal conductivity and mechanical and electrical properties, has led to
a variety of applications in the fields of photonics, materials, and electronics. Such nano-
materials were discovered in the early 90’s by Iijima, showing the synthesis of molecular
carbon structure in the form of C60, and other fullerenes stimulating interest in carbon-
based nanostructure [Iij91]. Several years later, single-wall carbon nanotubes grown in
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the gas phase, were discovered by Iijima and Ichihashi, with the helical arrangement of
carbon hexagon, deduced previously for multi-shell tubes, confirmed by electron diffrac-
tion [Iij93]. In the late 90’s, the optical properties of CNTs were realised in theoretical re-
sults (e.g.third-order nonlinear optical response of semiconductor CNT) by Margulis and
Sizikova [Mar98], and demonstrated in experimental studies by Kataura et al. [Kat99]. A
number of optical properties of CNTs have been realised in these studies including:
• high third-order optical nonlinearity from visible region to infrared region
• broadband working wavelength range: from visible to the infrared region
• high nonlinear saturable absorption1
Reference [Kat99] also shows that the distribution of diameters, determined the bang gap,
could be estimated from the absorption spectrum.
a1
a2
L= a 1n + a 2mθ
Figure 2.2: The honeycomb lattice of graphene illustrating the chiral vector and the unit cell. , chiral angles.
~L, chiral vector. ~a1 and ~a2, real space unit vectors.
CNTs are structures from the fullerene family, consisting of a honeycomb sheet of sp2
bonded carbon atoms rolled seamlessly onto itself to form a cylinder [Mar11]. Their elec-
tronic properties are fully governed by the chiral vector ~L, which describes the orientation
of the tube axes with respect to the orientation of the honeycomb structure (shown in Fig.
2.2), and is given by
~L = n~a1 +m~a2 (2.7)
where ~a1 and ~a2 are real space unit vectors, and m and n are integers describing the
coordinates of the Carbon unit cell.
1This conclusion was made based on the observed three large absorption bands, where the first and sec-
ond lowest ones were due to the optical transitions between mirror image spikes in density of states of
semiconducting tubes while the third one was due to metallic tubes [Kat99].
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Depending on the parameters of chiral angles  and radius, CNTs may behave either as
semiconductors or metals: if the subtraction of the integers n andm is an integer multiple
of 3, n m = 3k, CNT has a metallic behaviour; otherwise, it behaves like semiconduc-
tor. This implies that in a random sample, two thirds of nanotubes are semiconductors,
exhibiting a direct band gap, proportional to the diameter of CNTs [Sai92]. The current
fabrication process produces a distribution of diameters, some of which behave as semi-
conductors, providing the saturable absorption, and the rest as metals, which play an
important role in reducing the relaxation time. CNTs, therefore, are suitable materials for
use as a saturable absorber in passive mode-locked lasers.
There are two main types of nanotubes: SWNTs, and the multi-wall carbon nanotubes
(MWNTs). InMWNTs, the simplest archetypicalmanifestation is DWNTs [Mar10], which
combine the outstanding properties of SWNTs with the possibility to study concentric
intertube interaction with high precision [Pfe08].
2.3.1 Single-wall carbon nanotubes
Introduction to single-wall carbon nanotubes
SWNTs, quasi one-dimensional materials, with diameters ranging up to 3 nm and lengths
of up to a centimetre, exhibit broadband saturable absorption as a result of excitonic ab-
sorption by the semiconductor. They are used as components inside the laser cavities, of-
fering excellent tuneability over a range of wavelengths [Wan08, Sol08] and self-starting
operation. Carbon nanotubes have emerged as alternative SADs with ultrafast recovery
time [Lau03], supporting short pulse generation, and with a number of favorable prop-
erties, namely broadband operation, ease of fabrication [Pop12], and all-fibre integra-
tion [Has09] since the first demonstration of an optical pulsed laser based on carbon nan-
otube technology, reported by Set et al. in 2003 [Set03]. Such carbon-based materials can
be homogeneously embedded into polymer matrices, resulting in high quality compos-
ites [Has09, Sca08], which exhibit large modulation depth [Pop12, Wan08, Sca08, Goi12],
satisfying the requirements of fibre lasers [Okh12]. In addition, the broadband property
of nanotubes can be achieved using a distribution of tube diameters.
The great majority of mode-locked lasers employing SWNTs as saturable absorbers
have been demonstrated at 1.5 m [Zha11], using the fundamental E11 transition of the
semiconducting nanotubes, which corresponds to the single real gap in the electron den-
sity of states (shown in Fig. 2.3) [Bac02]. However, it was shown that the SWNTs also
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exhibit a second transition E22, corresponding to a pseudo-gap [Bac02]. A number of
studies have demonstrated the electronic states density of a SWNT with E22 transition -
an electron is excited to the C2 valance band of the second transition and relaxes (within
100 fs) to the C1 valance band of the first electronic transition. The use of the E22 transi-
tion for saturable absorber devices has attracted considerable attention because it greatly
increases the absorption energy for a given nanotube diameter [Set04]. The smallest re-
alisable nanotube dimension to date is limited to 0.3 nm [Zha08]. With this minimum
diameter, the energy band gap indicates to the long wavelength regions.
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Figure 2.3: Schematic of the levels involved in saturable absorption of E11 and E22, adapted from
Ref. [Tra10b].
.
The demonstration of the use of the E22 transition in fibre lasers was reported by
Travers et al., showing a detailed comparative measurement of the saturable absorption
properties of these two transitions in a transparent carboxymetylcellulose 10 m-thin
film with embedded individual nanotubes [Obr99]. The absorption peak, corresponding
to E11 transition, allowed mode-locking at 1.55 m. Mode-locking at 1.0 m was due to
the E22 transition. Lifetimes for E11 and E22 were approximately 400 fs and 40 fs, and
the corresponding saturation intensities were measured to be 10 MW cm 2 and 220 MW
cm 2, respectively. It should be noted that, while the saturation intensity ofE22 transition
is an order of magnitude larger than E11 transition, it will not be an issue for achieving
mode-locking as it is much smaller than the requirement in an NPE system and some
SESAMs. The linear transmission of the same sample which has been reported in Ref.
[Obr99] was recorded using a commercial spectrophotometer, shown in Fig. 2.4, showing
two prominent absorption features at 1.8 m and 1.0 m. The dashed line indicates the
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point on the linear transmission curve where the Yb-laser operates, with 40% (E22)
transmission.
The use of this saturable absorber has been reported at different wavelengths including
1.0m [Tra10b, Zha11], 1.5m [Tau08, Tra10b, Zha11] and 1.9m [Sol08]. In this section,
I will present the demonstration of using such absorber2 in a giant chirped oscillator for
nanosecond pulse generation.
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Figure 2.4: Linear transmission of a polymer (carboxymethylcellulose) thin film with embedded individual
SWNTs. The dashed line indicates the point on the transmission curve where the Yb-laser operated.
Experimental results
Passively mode-locked fibre lasers with all-normal dispersion cavities have been widely
investigated as a means of obtaining high pulse energies [Kel09a]. Typically, such lasers
utilise a long length of normally dispersive passive fibre providing a distributed disper-
sion which chirps the pulses on successive round-trips, leading to the steady-state for-
mation of highly-linearly chirped pulses. It was also shown that the pulse duration was
proportional to the length of passive fibre, with durations from tens of picoseconds to
nanoseconds achievable for lengths from tens of metres to a few kilometres. The long,
kilometre length, dispersive fibre in the cavity lowers the fundamental repetition rate
of the laser to hundreds of kilohertz which may not be desirable in certain applications.
Previous demonstration shows that the long passive fibre providing the additional non-
linearity, through the action of self-phase modulation and forming the distributed dis-
2This optical grade nanotube-based carbon device was prepared by our collaborative group at the General
Physics Institute, Moscow, Russia.
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persion element, was important to generate the required spectral bandwidth to facilitate
stable, steady-state nanosecond pulse mode-locked operation. Such a dispersive device
can be substituted with an equivalent lumped dispersive element, but without additional
nonlinearity. This approach demonstrates an additional advantage of producing desired
pulse duration from shorter cavity lengths, permitting generation of nanosecond pulses
at much higher megahertz repetition rates. Additionally, such results are of interest from
a fundamental dynamics perspective because it confirms that long pulse formation in a
highly normally dispersive mode-locked cavity is affected mostly by linear dispersion
rather than nonlinearity of the fibre.
The configuration of the all-fibre laser is shown in Fig. 2.5. An Yb-doped fibre amplifier
module (IPG Photonics, consisting of 0.6 m double-clad Yb-doped fibre and a 4W counter
pumped multi-mode diode at 980 nm) was used to provide a noise seed and amplification
in a band around 1.06 m. A polarisation-independent inline fibre circulator was used
to incorporate the chirped fibre Bragg grating (CFBG), providing a normal dispersion of
35.71 ps nm 1, and ensured unidirectional propagation. Intensity-dependent loss, to ini-
tiate mode-locking, was achieved by using the SWNT-based saturable absorber device
with a transmission profile shown in Fig. 2.4. This SWNT saturable absorber had a mod-
ulation depth of 10% at 1.06 m corresponding to the second semiconductor electronic
transition (E22) in the density of states. A polarisation controller (PC) was added to ad-
just the polarisation state within the cavity to optimise long-term operation, but was not
fundamental to the mode-locking action. The output was delivered through a 20% fused
fibre coupler (OC) to both spectral and temporal diagnostics.
SA
YDFA
OC
PC C
CFBG
Figure 2.5: Schematic of the fibre laser cavity: YDFA, ytterbium-doped fibre amplifier; C, circulator; CFBG,
chirped fibre Bragg grating; SWNT, single-wall carbon nanotubes; OC, output coupler; PC, polarisation con-
troller.
Mode-locking was obtained at the fundamental repetition frequency of the cavity of
6.6 MHz, with a corresponding single pulse energy of 15 pJ. Figure 2.6 shows the spectral
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Figure 2.6: Spectral and temporal profile of the output pulses. (a) The spectrum centred at 1068.2 nm had a
FWHM bandwidth of 0.059 nm. (b) Experimentally measured temporal intensity profile, showing the dura-
tion of 1.15 ns, with a sech2 fit.
and temporal profile of the output pulses. The spectrumwas centred at 1068.2 nm (shown
in Fig. 2.6(a)), with a FWHM bandwidth of 0.059 nm corresponding to a transform limited
pulse duration of 20 ps, resulting in a time-bandwidth product of 18 indicating that the
generated pulses are strongly chirped. The contrast ratio between the lasing peak and the
amplified spontaneous emission (ASE) background is 30 dB, limited by ASE generated
because the laser operation wavelength, defined by the pass-band of the CFBG, did not
overlap with the peak of the amplifier’s gain.
The corresponding pulse width was 1.15 ns, recorded by using a 50 GHz Tektronix
sampling scope and a photo-diode with a 15 ps rise-time. The pulse temporal profile is
plotted in Fig. 2.6(b) fitted with a sech2 pulse shape. This is the expected pulse shape for
a dissipative soliton as predicted by theory initially developed by Haus et al. [Hau91] and
later by Renninger et al. [Ren08a].
The radio frequency (RF) spectra of the output pulses are shown in Fig. 2.7. Figure
2.7(a) shows the fundamental frequency of the giant chirped oscillator. No sidebands or
Q-switched instabilities were observed on a span of 1 MHz, implying good mode-locking
performance. Figure 2.7(b) shows higher cavity harmonics without any noticeable beat
frequency shift, which would normally indicate longer-term stabilities.
The mode-locking performance was dependent on the action of the SWNT saturable
absorber and the filtering effect of the CFBG, with the pulse duration defined by the large
lumped normal dispersion of the CFBG. Pulses broadened to a nanosecond by a long
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Figure 2.7: Radio-frequency spectra. (a) The fundamental harmonic on a 1 MHz span and (b) the cavity
harmonics on a 60 MHz span, with the green trace showing the noise floor of the radio frequency analyser.
length of passive fibre were reported to possess a predominantly linear chirp. However,
because of the large time-bandwidth product compression is impractical with standard
schemes, such as bulk gratings. As an example for an input pulse with a spectrum equal
to our measured spectrum (0.059 nm), but a temporal duration two orders of magnitude
shorter (11.5 ps) the required grating separation for a pair of bulk compression gratings
with 1200 lines/mm and an incident angle of 45 degrees would be 31 m. As the separation
scales linearly with the duration I would need over 3 km’s separation to compensate a
nanosecond pulse, assuming a linear chirp. Other approaches to compress such long
pulses need to be taken into consideration, e.g. a CFBG with an opposite sign dispersion
parameter.
To better understand the dynamics of mode-locking process, numerical simulations3
of this laser system were carried out by solving a modified nonlinear Schrödinger equa-
tion, excluding higher order dispersion, shock formation and Raman terms. The CFBG
was modelled by an equivalent short-length passive fibre with the same GVD and neg-
ligible nonlinearity, ignoring higher order dispersion contributions and with a Gaussian
filter4 with a bandwidth equal to the pass-band of the grating. The simulated spectral and
temporal profiles (shown in Fig. 2.8(a) and (b)) are in good agreement with experimen-
tal results for similar intra-cavity energies: 65 pJ and 60 pJ (taken straight after the OC)
for simulation and experiment respectively. The experimental spectrum was recorded on
3The original code of the numerical simulation was written by Dr. J. C. Travers and Dr. E. J. R. Kelleher.
4A Gaussian-shape filter is an ideal model that used in the simulation.
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Figure 2.8: Numerical simulation of giant chirped oscillator. (a)Simulated spectrum, with a 0.03 nm FWHM
bandwidth, and (b) simulated temporal intensity profile, with a FWHM duration of 1.15 ns.
a broader span to show the contribution from the ASE, and thus because of the limited
resolution of the diagnostics the square shape to the spectral profile is not evident. How-
ever, there is excellent qualitative and quantitative agreement between the experimental
and numerical spectra, in particular this is evidenced by the close agreement between the
FWHM values.
Control of the intra-cavity pulse evolution in all-normal dispersion lasers can be re-
duced to three key parameters: the nonlinear phase shift (NL), the effective spectral
filtering bandwidth and the GVD. The dominant contribution to the spectral filtering and
the GVD is provided by the CFBG. For the observed peak powers during stable mode-
locking, the round trip NL  , explaining the narrow bandwidth spectrum.
A negligible value of NL can be explained by the low intra-cavity average power
caused by the low saturation power (6 W) and low damage threshold of the saturable
absorber device. Stable operation of the experimental system and convergence of sim-
ulations to well matched parameters confirm that nanosecond pulses can be generated
in a normally dispersive mode-locked laser using linear dispersion alone, provided by a
chirped grating element.
2.3.2 Double-wall carbon nanotubes
Double wall devices consist of a single sheet of graphite rolled around itself or two layers
of graphite arranged in concentric cylinders and have been used in laser systems for
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ultrashort pulse generation [Cas11]. In this subsection, I will present the demonstration
of a Tm-doped fibre laser based on a DWNT saturable absorber.
A typical linear transmission of a DWNT saturable absorber is shown in Fig. 2.9, where
the dashed black line indicates the point on the transmission curve where the Tm laser
operated, with 30% transmission. This polymer based carbon material contained 90%
DWNTs, 8% SWNTs and 2% triple-wall carbon nanotubes.
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Figure 2.9: Linear transmission of DWNT saturable absorber. The dashed line indicates the point on the
transmission curve where the Tm-laser operated.
Fabrication of a DWNT polymer film
The nanotubes used in the Tm-laser were produced by Catalytic Chemical Vapour De-
position (CCVD) of CH4 over Mg1 xCoxO solid solution containing Mo oxide [Fla05]. A
typical preparation process is as follows5 [Zha13].
Step 1 The catalyst and byproducts are dissolved by treatment with concentrated aque-
ous HCI solution [Fla05]. The remaining carbon-encapsulated catalytic nanopar-
ticles are moved by air oxidation at 450 C for one hour in an open furnace, sub-
sequently followed by HCI washing to dissolve metal oxides formed during the
oxidation step [Oss05, Oss06]. Oxidation in air at 570 C is carried out for 30 min
for further purifying the sample [Oss06]. The residual material is washed with HCI
to dissolve the remaining metal oxides [Oss05, Oss06].
5This optical grade nanotube-based carbon devicewas prepared by our collaborative group at the University
of Cambridge, Cambridge, UK.
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Step 2 The polymer composite is then fabricated through solution processing [Sca08].
Purified carbon materials are dispersed using a tip sonicator in water with sodium
dodecylbenzene sulfonate (SDBS) as surfactant for four hours; subsequently, the
dispersion is then ultracentrifuged at 100000 g (g is the gravitational acceleration)
for 30 mins. The top 70% dispersion, free from insoluble particles and CNT aggre-
gates, are then decanted. In order to achieve a homogeneous dispersion, 4 ml is
mixed with 120 mg polyvinyl alcohol (PVA) and ultrasonicated for 30 mins. In this
process, water is used as the solvent because of its low boiling point compared to
common organic solvents used to disperse CNTs, namely, N-Methyl Pyrrolidone
(NMP)(206 C). SDBS is used as the surfactant capable of producing small CNT
bundles [Bon10a], more effective in the dispersion of individual nanotubes, com-
pared to bile salts, such as sodium cholate [Bon10a]. The CNT-polymer mixture is
drop-cast in a petri dish, slow evaporated over 4-5 days at room temperature in a
desiccator. A free-standing 50 m composite is produced. The concentration of
CNT in the PVA film (compatible with water) can be estimated by calculating the
ratio between the weight of the decanted CNT dispersion compared to that of the
solution *100%, with a value of 0.3 wt%.
Characterisation of a DWNT polymer film
The absorption spectrum of the purified nanotubes had a peak between 1.75 m and
2.15 m, shown in Fig. 2.10(a) (black line). Their optical properties can be further inves-
tigated by measuring the Raman spectra6 of the purified sample powder at 457 nm, 514.5
nm, and 632.8 nm. The Radial BreathingModes (RBMs)7 [Oss06] were observed in the low
frequency region. The inverse of their energy varies as a function of CNT diameter, dt,
by the expression !RBM = C1=dt +C2. Reasonable values of C1 and C2 could be found
in Ref. [Tel04], by plotting the resonance energy as a function of inverse RBM frequency
without any additional assumptions; and so C1 = 214:4 cm 1 and C2 = 18:7 cm 1
could be obtained. These results were validated in the proposed Refs. [Mey05, Fan04]. A
maximum discrepancy of 0.03 nm was found on the tube diameter. Figure 2.10(c) illus-
trates the RBM spectra of the powders, showing a broad diameter distribution, spanning
6Raman spectroscopy technique is commonly used in the field of material science to reveal the remarkable
structure and the unusual electronic and phonon properties of materials. This technique relies on Raman
scattering of monochromatic light, usually from a laser in the visible, near infrared or near ultraviolet
region.
7In the low frequency region, RBMSs are observed.
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Figure 2.10: (a) Absorption spectrum of CNTs, CNT-PVA composite, and PVA. The dashed red line highlights
the operating wavelength at 1.94 mof the Tm-laser. (b) A typical dataset from a Z-scan measurement,
showing the transmission as a function of peak intensity. (c), (d), (e) are Raman spectra of CNT powders,
and CNT-PVA composite at different excitation wavelengths, corresponding to RBM region, G region, and
2D region, respectively. Adapted from Ref. [Zha13]. Typical Raman spectroscopy in 1500-1600 cm 1 region
consists of G+ and G  bands from different modes of SWNT. The positions of the G+ and G  peaks are
diameter-dependent. The G+ and G  peaks are fitted with Lorentzians. The diameter dependence of G+
and G  can be used to determine the diameter distribution of nanotubes [Pis07] and the separation between
them increases with decreasing diameter [Pis07]. Very weak D band contributions are also observed in the
G region, indicating small number of defects [Fer00b].
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the 140-377 cm 1 range, corresponding to CNTs with 0.6-1.8 nm diameter. The Raman
spectra in the G region of purified CNTs, plotted with black lines, is shown in Fig. 2.10(d),
with an observed weak D band, I(D)=I(G) = 0:04, which indicates small number of
defects [Fer00b].
It should be noted that the absorption of the PVA film (plotted in Fig. 2.10(a), grey
line) is an order of magnitude lower than the CNT-PVA composite (plotted in Fig. 2.10(a),
red line), from 400 to 2000 nm; thus, its absorption is negligible. The absorption band in
the 1750-2150 nm range corresponds to the excitonic transitions of tubes with diameters
varying from 1.5 to 1.8 nm [Goi12, Wei03]. The nonlinear absorption was measured in a
Z-scan experiment, using a commercial source (Coherent, Chameleon) delivering 260 fs
pulses with 80MHz repetition rate at 1945 nm. The nonlinear absorption, at the operating
wavelength of 1.94 m, was 9%, shown in Fig. 2.10(b) while the non-saturable absorp-
tion is 15%. The Raman spectra of the composite was measured. It can be concluded
that the dispersion process and CNT-PVA composite fabrication did not introduce any
additional defects [Mey05] compared to the starting material, since there was no change
in the RBM distribution with respect to the pristine CNTs.
Experimental results
Pulsed-laser sources in the mid-infrared (mid-IR) region are promising for a variety of
applications, such as spectroscopy, remote sensing, or medicine. A Tm-doped silica fibre
has a broad amplification bandwidth (1.7 to 2.1 m) which makes it suitable for a short-
pulse generation in the 2 m region8.
Mode-locked
oscillator
DWNT
TDFA
BPF
OC
PC
ISO
Figure 2.11: Schematic of the mode-locked oscillator: TDFA, Tm-doped fibre amplifier; ISO, isolator; BPF,
bandpass filter; OC, fibre output coupler; CNT SA, carbon nanotube saturable absorber; PC, polarisation
controller.
The schematic of the seed oscillator is shown in Fig. 2.11. The cavity was constructed
8A more detailed discussion of 2 m sources will be presented in Chapter 3.
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Figure 2.12: Seed laser performance. (a) Autocorrelation of the output pulses, with a deconvolved duration
of 3.7 ps. (b) The corresponding optical spectrum.
with all-fibre integrated components, in order to have an environmentally stable and com-
pact system. A Tm-doped fibre amplifier (IPG Photonics, consisting of 15 m Tm-doped
fibre) with integrated optical isolator (ISO), having 25 dB small signal gain at 1.94 m
and a broad gain bandwidth (FWHM 60 nm) was followed by a fibre pigtailed air-gap
(80% insertion loss) used to include a bandpass filter for pulse stabilisation, with 80%
maximum transmission and 11 nm transmission bandwidth, centred 1.94 m. The out-
put signal was delivered through a 30:70 fibre coupler. A polarisation controller allowed
continuous adjustment of the intra-cavity polarisation state. The overall cavity group
velocity dispersion, estimated to be -69.2 ps2 km 1, ensured the laser operated in the
average-soliton regime. The DWNT-SA was inserted between two SMF-28 fibre connec-
tors and directly fusion spliced into the laser cavity.
Mode-locked performance was initiated and stabilised by the nonlinear absorption ef-
fect of the SA. The oscillator operated at the fundamental repetition frequency of the
cavity, 6.1 MHz, and produced 3.5 mW average output power, corresponding to 0.57 nJ
single pulse energy. The intensity autocorrelation of the output pulses and the corre-
sponding optical spectrum are plotted in Fig. 2.12. The autocorrelation is well fitted by
a sech2 pulse shape, with a 3.7 ps deconvolved FWHM duration. Figure 2.12(b) shows
the optical spectrum, recorded using an automated grating spectrometer, centred at 1.94
m with a 3.2 nm FWHM. The time-bandwidth product is 0.94.
77
2 Ultrafast fibre laser technology
2.4 Graphene
Nanotubes and graphene are promising saturable absorbers and superior to the con-
ventional passive mode-lockers, such as NPE, which suffers from non-fibre integration
and environmental sensitivity. Although SESAMs have been widely employed in var-
ious systems as reliable saturable absorbers, they suffer from complex fabrication and
packaging issues, and limited operable bandwidth [Kel03]. While broad bandwidth op-
eration can be achieved using a distribution of nanotube diameters [Wan08], it is an
intrinsic property of graphene because of the gapless linear dispersion of Dirac elec-
trons [Sun10b, Pop11, Bon10b, Sun10a]. There is always an electron-hole in resonance
with the incident light. Moreover, the non-saturable scattering loss of graphene is lower,
which makes this new carbon material potentially superior to CNTs as SADs, particularly
in high power systems.
2.4.1 An introduction to graphene-based ultrafast lasers
Graphene is a single two-dimensional atomic layer of carbon atoms arranged in a regular
hexagonal pattern. This one atom thick layered graphite is emerging as a viable alterna-
tive to conventional nanomaterials, and has attracted considerable attention for use as a
saturable absorber in passively mode-locked lasers due to its strong absorption (2.3 % per
layer), the fast carrier dynamics [Bri13, Tom13], and ease of fabrication (band gap engi-
neering or chirality control is not required for optimising the performance). Therefore,
since 2009, a variety of lasers exploiting the nonlinear absorption property of graphene
have been reported [Zha09, Bao09], with ultrashort pulse generation at 0.8 m [Bae12],
1.0 m [Tan10], 1.3 m [Cho11], 1.5 m [Zha09, Bao09]. References [Liu12] and [Ma12]
reported 2 m solid-state lasers mode-locked with graphene oxide [Sta06, Mat09] and
chemical vapour deposited (CVD) 1-2 layer graphene. Graphene oxide is fundamen-
tally different from graphene: it is an insulating material with a mixture of sp2=sp3
regions [Sta06], with lots of defects and gap states [Mat09]. Thus, it does not offer in
principle the wideband tunability of graphene. CVD graphene, on the other hand, is nor-
mally grown at very high temperature on Cu or Ni substrate. This means that extra steps
are required to transfer graphene to the target substrates for photonic applications.
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2.4.2 Fabrication of a graphene-polymer film
There are a variety of methods to produce graphene, such as micromechanical cleav-
age [Bon10b], liquid phase exfoliation (LPE) [Her08], CVD of hydrocarbons [Li09], car-
bon segregation from silicon carbide [Ber04] or metal substrates [Sut08], and chemical
synthesis from polyaromatic hydrocarbons [Wu07]. The LPE method has a number of
advantages, namely, scalability, room temperature processing, and no growth substrate
required. This produces dispersionswith ease of integrationwith polymers, forming com-
posites with novel optoelectronic properties integrated in systems [Bon10b].
A typical preparation process is as follows9 [Zha12].
Step 1 120 mg of graphite (NGS, Nature graphite) and 90 mg of sodium deoxycholate
(SDC) are sonicated at room temperature. The unexfoliated nanoparticles are set-
tled for 10 mins, and 60 mins of centrifugation at 17000 g. The composites are made
from the top 70% of the centrifuged dispersion.
Step 2 An analysis is taken by placing drops on Transmission ElectronMicroscope (TEM)
grids in a high resolution TEM (HRTEM). The dispersion is measured by combin-
ing HRTEM and normal-incidence/titled angle electron diffraction, showing that
the sample has 66%  three-layer flakes (26% single layer, 22% bi-layer, and
18% tri-layer). The dispersion is drop-cast on Si/SiO2 for Raman measurements
with a Renishaw 1000 (Research laser Raman Microscopy).
Step 3 5 ml of dispersion is mixed with polyvinyl alcohol (PVA) in water (2 wt%) and
centrifuged at 4000 g. The thickness of the film is approximately 40 m by evap-
orating at room temperature.
2.4.3 Characterisation of a graphene-polymer film
A typical Raman spectrum of a flake deposit on Si/SiO2 is shown in Fig. 2.13, which
has significant D and D’ intensities [Fer06, Fer00b], excluding the G and 2D peaks. D
and D’ is assigned to the edges of the submicrometer flakes, supported by analysing
the G peak dispersion, Disp(G). The G peak position, Pos(G), in disordered carbons, in-
creases with decreasing excitationwavelength from IR to UV [Fer00b]. Therefore, I obtain
9This graphene-based device was prepared by our collaborative group at the University of Cambridge,
Cambridge, UK.
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Figure 2.13: Raman spectra of flakes, adapted from Ref. [Zha12].
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Figure 2.14: Linear transmission of pure PVA and graphene-PVA composite, adapted from Ref. [Zha12].
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Disp(G) = 4Pos(G)4L , where L is the laser excitation wavelength, increasing with dis-
order [Fer00b, Fer01], and hence, discriminate between edges, and disorder in the bulk of
samples, by combing the intensity ratio of the D and G peaks, I(D)/I(G), with FWHM(G),
which increases with disorders [Can11], and Disp(G). The conclusion is that the D peak is
mostly due to edges, by analysing 30 flakes. Disp(G) (nearly zero for all samples), I(D)/I(G),
and FWHM(G) are not correlated (if D peak is due to disorder, a high I(D)/I(G) corresponds
to higher FWHM(G) and Disp(G)). Although 2D in LPE graphene is broader than in pris-
tine graphene, its single Lorentzian profile implies that multilayer flakes are electronically
decoupled, to a first approximation, and behave as a group of single layers [Lat07]. The
comparison of a typical flake with this graphene-PVA composite and PVA is shown in
Fig. 2.13. By realising that the spectrum of the composite is a superposition of that of the
flake and PVA, it should be noted that PVA does not affect the structure of the embedded
flakes.
The linear transmission of graphene-PVA and PVA composite is shown in Fig. 2.14.
The ultra-violet peak in graphene-PVA is a signature of the van Hove singularity in the
graphene density of states [Kra10]. Strong ultra-violet absorption is also observed in pure
PVA, supported by Ref. [Haa63]. By considering the pure PVA absorption, and given
the monolayer absorption (2.3% [Zha12]), it can be estimated that this graphene-PVA
composite sample has an average 21 layers across the light path. The demonstration of
utilising such a saturable absorber in a Tm-doped fibre laser will be presented in Section
2.4.5. In addition, the good stability of such laser cavity is confirmed through a jitter
measurement.
2.4.4 Introduction to mode-locking stability measurement
Output pulses in any practical mode-locked system exhibit some random changes of the
pulse properties rather than being a perfect periodic replica of each other. These fluc-
tuations or noise can be classified into two types: relative intensity noise and timing
phase noise. The relative intensity noise refers to the pulse amplitude or intensity fluc-
tuation. The timing phase noise, known as timing jitter, represents the pulse timing fluc-
tuation. The characterisation of these fluctuations is of importance for a number of ap-
plications requiring long-range stability, such as the seed oscillator of a chirped pulse
amplification (CPA) system or long-range optical fibre communications. The timing jitter
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of mode-locked lasers can be extracted from the power spectral density (PSD)10 of the
laser intensity, given by the Fourier transform of the autocorrelation function. Follow-
ing Ref. [VdL86], such spectra can be obtained by shining the laser beam onto a radio
frequency analyser (electronic spectrum analyser) with a suitable fast photodetector. For
the details of characterisation of the noise, I refer to Refs. [VdL86, Son92].
The instantaneous intensity of a continuous-wave (CW) mode-locked laser trace can
be written as
P (t) = P [1 + E(T )]
1X
n= 1
h[t  TR   J(T )] (2.8)
where P is the average power (intensity) of the pulse train, E(T ) is the normalised en-
ergy fluctuation, TR is the duration of the repetition cycle (round trip time), h(t) is the
arbitrary temporal intensity profile of the individual pulse in the train and J(T ) is the
timing jitter. It is noted that assumptions have been made to the following discussion: the
output fluctuations are slowly varying in comparison with the pulse intensity, meaning
that the amplitude and round trip time exhibit random fluctuation but with a constant
pulse profile.
The power spectrum of the laser intensity is given by the Fourier transform of Eq. 2.8:
P ( f) = Pc
1X
n= 1
[( f   nfR) + Sn( f   nfR)] (2.9)
where f is the frequency offset to the nth carrier, Pc is the carrier power and Sn is the
nth harmonic power spectrum (a function of nfR). The expression of Sn is given by
Sn(f) = SE(f) + (2fRn)SEJ(f) + (2fRn)
2SJ(f) (2.10)
where SE(f) is the Fourier transform of E(T ), representing the PSD of the pulse ampli-
tude fluctuation, and SJ(f) is the Fourier transform of J(T ), representing the PSD of the
deviation of laser intensity in the absence of noise.
As shown in Eq. 2.9, P ( f) consists of a series of frequency bands centred around nfR
with a constant spacing 1=TR, which is illustrated in Fig. 2.15. Each frequency band has
three different contributions: a -function contribution, which corresponds to a noise-
10Power spectral density represents the mean-squared phase fluctuation at Fourier frequency f from the
carrier in a measurement bandwidth of 1 Hz. This parameter includes contribution from both the upper
and lower sidebands of the carrier.
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free pulse train, a frequency shifted power spectrum of the amplitude noise (SE) and a
power spectrum of the random function describing the temporal jitter (JE). It is impor-
tant to note that JE is proportional to n2, where n labels the individual frequency bands.
Therefore, a high order harmonic is commonly applied in the stability measurement cal-
culation.
Frequency
Power spectrum
1/TR
Figure 2.15: Power spectrum PF (!) of a train of pulse with fluctuating pulse amplitude and repetition rate
(1/T). The dashed line indicates the maxima of the noise bands, which represents amplitude noise. The dotted
line is proportional to f2 and marks the maxima of the narrow noise bands, which represents the temporal
jitter. Adapted from Ref. [VdL86].
Following Ref. [Son92], the energy fluctuation and timing jitter are illustrated by the
phase and amplitude noise spectral densities, LJ(f), LE(f) (all of which are normalised
to 1 Hz integration bandwidth). The noise PSD (with the unit of dBc/Hz) of the nth har-
monic is defined as
Ln(f)  10log[ Pn(f)
1:2BPc
] (2.11)
where 1.2 is the effective noise bandwidth coefficient, depending on the radio frequency
analyser, and B is the resolution bandwidth used during data acquisition.
The definitions of LJ(f) and LE(f) are as
LJ(f)  10log[ (2fR)
2SJ(f)
1:2B
] (2.12)
LE(f)  10log[SE(f)
1:2B
] (2.13)
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Considering Eq. 2.9-2.11 LJ(f) and LE(f) can be derived, given by
LJ(f) = 10log[
10Ln(f)=10   10L1(f)=10
n2   1 ] (2.14)
LE(f) = 10log[10
L1(f)=10   10LJ (f)=10] (2.15)
where L1(f) is the first harmonic power spectrum (fundamental cavity frequency band).
The energy fluctuation and Root-mean-square (RMS) timing jitter, therefore, can be ob-
tained, given by
E = [2
Z fH
fL
10LE(f)=10df ]1=2 (2.16)
J =
1
2fR
[2
Z fH
fL
10LJ (f)=10df ]1=2 (2.17)
2.4.5 Experimental results
Graphene
TDFA
BPF
OC
PC
ISO
Figure 2.16: The configuration of the all-fibre integrated Tm-doped laser: TDFA, Tm-doped fibre amplifier;
ISO, isolator; BPF, bandpass filter; OC, output coupler; GSA, graphene-SA; PC, polarisation controller.
The configuration of the all-fibre integrated Tm-doped laser is shown in Fig. 2.16. A
Tm-doped fibre amplifier (IPG Photonics, consisting of15 m Tm-doped fibre) with inte-
grated optical isolator (ISO), having25 dB small signal gain at 1.94 m and a broad gain
bandwidth (FWHM 60 nm) was followed by a fibre pigtailed air-gap (80% insertion
loss) used to include a bandpass filter for pulse stabilisation, with 80%maximum transmis-
sion and 11 nm transmission bandwidth, centred1.94 m. A fused-fibre output coupler
extracted 10% of the light per pass. A polarisation controller allowed adjustment of the
intra-cavity polarisation. The overall cavity group velocity dispersion was estimated to
be -59.7 ps2 km 1, determined from the solitonic spectral sidebands observed when the
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Figure 2.17: (a) Optical spectrum with a FWHM of 2.1 nm. (b) The corresponding autocorrelation, with
deconvolved pulse duration of 3.6 ps.
oscillator was operating without the bandpass filter. The graphene-polymer composite
saturable absorber (GSA) was prepared by sandwiching 2 mm2 of the composite between
two fibre connectors, adhered with index matching gel. The integrated device had4 dB
(60%) total insertion loss.
Self-starting mode-locked performance was initiated and stabilised by the nonlinear
absorption of the GSA. The autocorrelation of the output pulse, and the corresponding
optical spectrum are plotted in Fig. 2.17. Figure 2.17(b) shows that the pulse temporal
profile, which is well represented by a sech2 function. The FWHM duration (after de-
convolution) was 3.6 ps. Its corresponding FWHM spectral width was 2.1 nm, giving a
time-bandwidth product 0.59, indicating low chirp. The output power was 2 mW.
Although the laser operated with negative cavity dispersion and the pulses were soliton-
like, the typical spectral sideband signature of deviation from average soliton operation
was not observed, due to the fact that the soliton length, given by Zsol = 2
20
j2j , was long
(Zsol  300 m) compared to cavity length (31 m  110Zsol), with 0 the pulse duration
and 2 the group velocity dispersion.
Figure 2.18-2.20 show the plots of the fundamental, 20th and 60th harmonic over long
(1 MHz) and short (8 kHz) frequency spans. The long range spectra indicate that the
stability is high, with peak to noise-floor ratio limited by our 300 Hz resolution (the noise
floor of the analyser is plotted in green). No sidebands at harmonic cavity frequencies
were observed over the 1 MHz span, suggesting good pulse-train stability and no Q-
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Figure 2.18: RF spectra. (a) Fundamental frequency on a long range span (1 MHz), with 300 Hz resolution.
(b) Fundamental frequency on a short range span (8 kHz), with 30 Hz resolution.
-500 0 500
Frequency (f−fퟤퟢ) (kHz)
−60
−30
0
In
te
n
si
ty
 (
d
B
)
(a)
fퟤퟢ=129.2 MHz
Signal
Bkg
-4 0 4
Frequency (f−fퟤퟢ) (kHz)
−70
−35
0
In
te
n
si
ty
 (
d
B
)
(b)
fퟤퟢ=129.2 MHz
Signal
Bkg
Figure 2.19: RF spectra. (a) 20th on a long range span (1 MHz), with 300 Hz resolution. (b) 20th on a short
range span (8 kHz), with 30 Hz resolution.
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Figure 2.20: RF spectra. (a) 60th harmonic on a long range span (1 MHz), with 300 Hz resolution. (b) 60th
harmonic on a short range span (8 kHz), with 30 Hz resolution.
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Figure 2.21: RF spectrum over 100 MHz,with 3 kHz resolution.
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switching instabilities. This is confirmed by a spectral sweep over 100 MHz, showing
the first fifteen harmonics of the fundamental cavity frequency (Fig. 2.21). The short
range spectra (Fig. 2.18(b), 2.19(b) and 2.20(b)), spanning 8 kHz with 30 Hz resolution,
reveal a low level pedestal component 70 dB from the central f spike.
The stability of the Tm-doped laser was calculated using the fundamental frequency
and 60th harmonic because the JE (jitter) is proportional to n2 where n is the harmonic
order. Considering Eq. 2.14-2.17, the intensity-noise spectral density and integrated tim-
ing jitter over the frequency span of 1-4 kHz can be processed, plotted in Fig. 2.22, with
t  4 ps. The corresponding energy fluctuation was EE  1:1 10 3.
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Figure 2.22: Intensity-noise power spectral density (PSD) and integrated timing jitter.
Alternatively, there is another method to calculate the energy fluctuation and timing
jitter. Considering the three contributions shown in Fig. 2.15, the energy fluctuation is
defined as the output pulse energy change divided by the average output energy, asE =h
Pf
fRes:
i1=2
whereP is the power ratio between the central spike at f1 and the peak of
the noise band,f (Hz) is the frequencywidth of the noise component, andfRes: (Hz) is
the resolution bandwidth of the spectrum analyser. WithP = 1 10 6,f = 730 Hz
and fRes: = 30 Hz, give low pulse-to-pulse energy fluctuation E  5 10 3.
Similarly, when the amplitude noise is low, the timing jitter can be evaluated as:
t=TR =
1
2n [(Pnf)=(fRes:)]
1=2, where TR is the cavity period, n is the harmonic
order. The low-frequency timing jitter, evaluated at the 60th harmonic with P60 =
1:6 10 5, f = 393 Hz and fRes: = 30 Hz, was estimated as t=TR = 3:9 10 5.
Given the long cavity period TR = 155 ns, this indicates a low timing jitter t  6 ps.
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While small differences exist between the two methods applied to analyse the stability
of mode-locked operation, the low amplitude fluctuation and small timing jitter suggest
that, despite a very simple cavity consisting of non-polarisation maintaining (PM) fibre,
the laser emits high-quality pulses.
2.5 Ionically-doped coloured glass
In previous sections, I have discussed the properties of carbon nanotubes and graphene
saturable absorbers, which have been extensively used in lasers to initiate passive mode-
locking due to their considerable advantages, such as broadband operation, strong satura-
tion, and fast relaxation time. Although some promising results have been achieved using
these saturable absorber devices, they are not without limitation, having drawbacks, for
example, high production costs and relatively low damage thresholds, which is due to the
polymer host composition, especially for high pulse energies. Although SESAMs have
better performance in terms of the damage threshold, typically, they still cannot handle a
watt-level intra-cavity power. In addition, the manufacture of SESAMs involves compli-
cated processes. In contrast, saturable absorbers with glass substrate, such as ionically-
doped coloured glasses [Wat89] used as saturable absorbers in fibre lasers are of great
interest due to the fact that they may resolve these issues, providing a more thermally
robust solution allowing the potential for higher achievable output powers due to the
intrinsic nature of glass (having a high damage threshold).
2.5.1 Introduction to glass saturable absorbers
The potential for ionically-doped glasses to be used as SADs in fibre lasers are sup-
ported by the demonstration of mode-locked solid-state lasers based on this approach
previously [Bre64, Rua95]. The first demonstration of utilising such a saturable absorber
was reported in 1964, a coloured glass doped with CdSxSe1 x particles for Q-switching
a ruby laser emitting at 0.69 m [Bre64]. Twenty-six years later, mode-locked pulses
with durations of 2.7 ps were generated directly from a Ti:sapphire cavity [Sar90]. This
was the first demonstration of a semiconductor-doped glass as a passive saturable ab-
sorber for a tunable solid-state laser, which had a remarkably broadband tuning range
(0.78 m-0.85 m). Substantial progress of applications in a wide range of near-infrared 1-
2 m solid-state lasers were reported in the following years. Improvement in laser perfor-
mance benefited from the fabrication of glass substrates coloured with narrow band-gap
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elements [Gue97, Bor94]. In particular, glasses doped with PbS or PbSe nanoparticles of
different sizes, for example, have been used as saturable absorbers to achieve passively Q-
switched or mode-locked operation in a number of solid-state lasers, namely, neodymium
(1.06m) [Dem03], Cr:forseterite (1.25m) [Gue97], andCr4+:YAG (1.5m) [Lag04].
Similar results have been obtained with other materials, including InAs nanoparticles in
silica films and glasses containing oxidised CuxSe, used to self-start mode-locked bulk
systems [Bil98, Pra02, Yum00].
2.5.2 Experimental results
Ionically-doped coloured glass saturable absorbers have emerged and attracted consider-
able attention because of their absorption range, covering from the visible to 1 m re-
gion. In this section, an ionically-doped coloured glass saturable absorber has been used
to initiate mode-locking operation in a low-power Yb-doped fibre system. This proof-
of-concept demonstration of mode-locking a fibre laser, importantly, where the require-
ments on the absorber differ significantly to solid-state counterparts due to differences
in the gain dynamics and the magnitude of the nonlinearity and dispersion, could open
the possibility of achieving higher output energies from all-fibre, passively mode-locked
lasers. I will begin by examining the nonlinear and linear properties of this low-cost,
commercially available saturable absorber.
Characterisation of nonlinear and linear saturation
The nonlinear absorption of the ionically-doped coloured glass was characterised using
a Z-scan measurement. The pump source was a commercial Yb-doped mode-locked fibre
laser (Fianium) followed by an inline Yb-doped fibre amplifier unit, centred at 1063 nm.
As shown in Fig. 2.23, the pump light was split using a 93%: 7% fused fibre coupler, sup-
porting the smaller portion of power monitored by a power meter as a reference port;
the remaining 93% was coupled into a small core, high numerical aperture fibre (Nufern
UHNA 3), the output of which was imaged by a pair of 10 mm focal length lenses. A
22 mm square piece of ionically-doped coloured glass (Schott RG1000), with a thick-
ness of 240 m, was located in the sample arm and moved through the focal point by
an automated translation stage. Light transmitted through the sample was collected by a
third lens and then focussed through the entrance aperture of a second power meter. In
order to fully saturate the sample, the pump source was amplified to 0.5 W, after which
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it produced pulses with a duration of 8.9 ps at a fundamental repetition rate of 50 MHz.
The beam waist is 1.3 m, and the beam radius w scales as
w(z) = w0
s
1 +

z   zf
z0
2
(2.18)
where w0 is the beam waist, z0 = w
2
0
 is the Rayleigh length, and zf is the focal posi-
tion. Power on the sample arm and reference, at each increment through the focal plane,
was recorded using a fully automated approach, which was integrated with the precision
stepper motor that controlled the position of the sample. This approach allowed rapid,
accurate and reproducible acquisition of multiple datasets. The peak intensity can be
further calculated using the expression given by
I(z) =
P0
!(z)2
(2.19)
whereP0 is the peak power of the input beam and !(z) is the beam radius. The maximum
peak intensity achieved at the scanning focus was approximately 23 GW cm 2.
93%
7%
POWOC
SA
ATS
SCF
POW
Figure 2.23: The configuration of the Z-scan measurement: OC, output coupler; SCF, small core fibre; SA,
saturable absorber; ATS, automated translation stage; POW, power meter.
A dataset from a single Z-scan measurement, at a fixed transverse position on the test
ionically-doped glass sample, is shown in Fig. 2.24. The red curve is a fit to the experi-
mental data based on the slow saturable absorption model (Eq. 2.4). The relaxation time
of the ionically-doped glass could be estimated based on the Chen et al. [Che06] and Yu-
mashev et al. [Yum94] studies, to be on the order of tens of picoseconds. This is expected
to be much longer than the duration of pump pulse and so the use of the slow saturable
absorption model is appropriate. Accordingly, the saturation fluence is 4.0 mJ cm 2. The
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1=e value 11 of 11.9 mJ cm 2 is highlighted with a solid black line. The modulation depth,
which is the contrast between the fully absorbing and fully saturated state of the device,
is highlighted with a solid black arrow and is 3% for the ionically-doped glass sample
used in this measurement.
The density of the active ions, however, was not homogeneous across the test sample.
Raster scanning was used to map out the inhomogeneity. We measured the nonlinear
saturation curve at 0.5 mm spatial increments in the XY plain, across a 22 mm section,
with a uniform thickness of 240 m. Figure 2.25 shows the plot of the variation in the
modulation depth and saturation fluence processed from the resulting data. It is presented
on a two-dimensional grid. The resolution and the resulting minimal spatial increment
was limited by the spot size through the Z-scan system.
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Figure 2.24: Typical dataset from Z-scan experiment.
As shown in Fig. 2.25, the modulation depth and the corresponding saturation fluence
of the specific sample used in the Z-scan measurement and the demonstration of mode-
locking varies from 0% to 3% and 0 to 11.9 mJ cm 2, respectively. It is clear that the density
of the absorbing ions, present in the glass host, is concentrated in the lower left corner
of this particular sample. In addition, it is noted that better homogeneity and improved
device performance could be achieved by improving doping control.
To measure the linear absorption, the linear spectral transmission was recorded using
a commercial spectrophotometer, plotted in Fig. 2.26. The dashed line shows the region
11The definition of saturation intensity that used here is the corresponding fluence when the attenuation
decreases to the 1=e value of its maximum.
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Figure 2.25: Mapping of the inhomogeneity, variation in (a)modulation depth and (b) saturation fluence of
the specific sample that used in the Z-scan measurement.
where nonlinear saturation measurements were performed using the Z-scan measure-
ment. The corresponding linear transmission of the measured sample, with a thickness
of 240 m, is 80%. Based on the absorption curves shown in Refs. [Yum00, Mal08], I assert
that the ion doping of this coloured glass is most likely CuInSSe.
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Figure 2.26: Linear transmission spectrum of the ionically-doped glass sample. The dashed line denotes the
pump laser used in the Z-scan measurement, operation at the wavelength of 1063 nm.
Demonstration of mode-locking a fibre laser
In order to test the mode-locking potential of the ionically-doped glass filter which has
been demonstrated as an effective saturable absorber in bulk systems, an Yb-doped ring
cavity fibre laser was constructed.
The configuration of the all-fibre laser is shown in Fig. 2.27. A commercial fibre ampli-
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fier (consisting of 0.6m double-clad Yb-doped fibre and a 4Wcounter pumpedmulti-mode
diode at 980 nm) was used to provide a noise seed and amplification in a band around
1060 nm. A polarisation-independent inline fibre circulator ensured unidirectional prop-
agation and incorporated with a chirped or unchirped fibre Bragg grating (FBG), allowed
dispersion control of the cavity. The FBG also provided spectral filtering for mode-locking
stabilisation. An unchirped FBG, with a passband of 0.2 nm, was used to operate with an
all-positive cavity dispersion. A chirped FBG, with a passband of 3.8 nm, was used to
achieve net anomalous dispersion, operation in the soliton regime. A fibre-based polari-
sation controller was added to adjust the polarisation state within the cavity to optimise
long-term operation, but was not fundamental to the mode-locking action. The output
was delivered through a 20% fused-fibre coupler to both spectral and temporal diagnos-
tics (50 GHz Tektronix sampling scope and back-ground free intensity autocorrelator).
Mode-locking was initiated with the inclusion of the commercial ionically-doped glass
filter (Schott RG1000). The device comprised three individual layers, due to the rela-
tively low modulation depth of a single layer. All were polished to a uniform thickness of
240 m, integrated into the cavity by sandwiching them between two fibre connectors,
with index matching gel.
SA
YDFA
OC
PC C
FBG/CFBG
Figure 2.27: Laser configuration for testing the mode-locking potential of the ionically-doped glass saturable
absorber: YDFA, Yb-doped fibre amplifier; C, circulator; FBG, fibre Bragg grating; CFBG, chirped fibre Bragg
grating; OC, output coupler; SA, saturable absorber; PC, polarisation controller.
The laser cavity consisted of entirely isotropic, single-mode fibre which has positive
dispersion at the operation wavelength of 1064 nm. With the unchirped grating, purely
providing spectral narrowing andwithout any dispersion compensation, themode-locking
dynamics were that of the dissipative soliton. Mode-locking was obtained at the funda-
mental repetition frequency of the cavity of 7.4 MHz, with a corresponding single-pulse
energy of 0.96 pJ. The optical spectrum, shown in Fig. 2.28(a), was centred at 1064 nm,
with a full width at half maximum (FWHM) of 0.05 nm, corresponding to a transform-limit
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Figure 2.28: (a) Measured optical spectrum in an all-normal dispersion mode-locked cavity, with a FWHM
of 0.05 nm, and (b) the corresponding experimentally measured temporal intensity profile, with a duration
of 60 ps.
pulse duration of 24.8 ps. The temporal pulse profile, recorded using a fast photodiode,
with a 15 ps rise time and a 50 GHz sampling oscilloscope, is plotted in Fig. 2.28(b). The
data is fitted with a sech2 pulse shape, which is the expected shape for a dissipative soli-
ton as predicted by theory initially developed by Haus et al. and later by Renninger et al.,
and the duration can be seen to be 60 ps.
The fundamental frequency was recorded on a span of 500 kHz, having approximately
70 dB from noise floor to the peak, without any noticeable aharmonic cavity frequencies,
shown in Fig. 2.29(a). Figure 2.29(b) shows the higher harmonics, taken on a span of
75 MHz. It is important to note the good long-term pulse-train stability without any
tendency of Q-switching instabilities.
The potential of mode-locking using the ionically-doped glass filter was also demon-
strated in a net-anomalous cavity, which could achieve shorter pulses. To compensate the
normal dispersion, given by the single-mode fibre at 1060 nm, a chirped FBG, with a neg-
ative dispersion of 35.71 ps nm 1 was employed. The fundamental frequency of the laser
operating in the average soliton regime was 7.3 MHz, with a corresponding single-pulse
energy of 0.28 nJ. Compared to the normally dispersive cavity, the single-pulse energy of
the output pulses was lower, which was mainly due to the energy limitation of the soli-
tonic pulse evolution. The spectral FWHM is 0.37 nm, centred at 1065.2 nm, shown in Fig.
2.30(a), corresponding to a transform limit of 3.2 ps. Figure 2.30(b) shows the back-ground
free intensity autocorrelation trace. The deconvolved pulse duration is 4.1 ps, based on a
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Figure 2.29: Radio frequency spectra. (a) Fundamental on a span of 500 kHz, and (b) harmonics on a span
of 75 MHz.
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Figure 2.30: (a) Measured optical spectrum in the soliton mode-locked cavity, with a FWHM of 0.37 nm, and
(b) the corresponding experimentally measured intensity autocorrelation, with a duration of 4.1 ps.
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Figure 2.31: Radio frequency spectra. (a) Fundamental on a span of 500 kHz, and (b) harmonics on a span
of 75 MHz.
sech2 profile which fits the experimental data well. The fundamental and higher harmon-
ics frequencies are shown in Fig. 2.31(a) and (b), respectively. No frequency shifts can be
seen either on a short span (500 kHz) or long span (75 MHz), which showed the stability
of the mode-locking performance.
It was confirmed that in both dispersion regimes, mode-lockingwas initiated by the sat-
urable absorber action of the ionically-doped glass. Therewere no polarisation-dependent
elements in the cavity and by removing the sample, no mode-locking operation could be
observed. The pulse formation was stabilised by the filtering effect of the FBG and the
duration was defined by the combined narrow reflection band of the FBG and the net-
dispersion of the cavity. It should be noted that, in this case, a large insertion loss was
introduced due to the finite separation, approximately 720 m, by the use of multiple
glass layers between containing fibre connectors. This may result in low average out-
put power, and small single-pulse energies, but could be improved by increasing doping
concentration, resulting in reducing the need for such a thick saturable absorber device.
Alternatively, the insertion loss could be reduced by the method of integration, such as
a four-lens bulk configuration, i.e. a pair of lenses used to collimate and focus the beam
from the fibre end to the saturable absorber and another pair of lenses used to couple the
light back to the optical fibre in the laser cavity.
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2.6 Summary
In this chapter, the development of ultrafast fibre lasers utilising saturable absorber de-
vices to initiate and stabilisemode-locking behaviour has been reviewed andwas followed
by a brief discussion of related fundamental theories. In addition, a number of saturable
absorbers have been presented with the characterisation of their nonlinear and linear
properties and demonstrations inmode-locked fibre lasers for ultrashort pulse generation.
The key results of the demonstration using these saturable absorbers are summarised be-
low.
Firstly, I have demonstrated an all-normal dispersion Yb-doped all-fibre laser mode-
locked by a SWNT saturable absorber. Nanosecond pulses were generated with a large
lumped, rather than distributed normal dispersion.
In addition, I used carbon nanotubes with diameter 1.7 nm, in order to achieve a
strong absorption in the 2 m range. The carbon nanotubes were embedded in a poly-
mer matrix, thus forming the saturable absorber to mode-lock a Tm-doped fibre laser. The
generated pulses had 3.7 ps duration and 155 W peak power. Such an approach provides
a robust, long-term stable source of radiation in the near-IR window.
Furthermore, a Tm-doped fibre laser mode-locked by a graphene-polymer compos-
ite generated 3.6 ps pulses at 6.46 MHz, with 0.4 nJ pulse energy, demonstrating the
operation of graphene in the mid-IR. This simple, low-cost and convenient all-fibre de-
sign supports low noise operation in a small footprint, suitable for packing in a com-
pact single-unit system for applications requiring eye-safe and low-photon-energy light
sources, such as sensing and biomedical diagnostics. To the best of our knowledge, it is
the first demonstration of mode-locking in a Tm-doped fibre laser using graphene-based
saturable absorber.
Finally, I have presented the demonstration of an ionically-doped glass substrate sat-
urable absorber, which has relatively high damage threshold due to the intrinsic nature
of glass, raising the potential achievable average power. The intensity-dependent absorp-
tion properties of this commercially available, ionically-doped coloured glass filter (Schott
RG1000) have been characterised, including linear and nonlinear absorption. It has been
demonstrated that this simple, low cost device can be effectively employed as an optically
robust saturable absorber device in a fibre system. To the best of our knowledge, it is the
first demonstration of mode-locking in a fibre laser system using an ionically-doped glass
coloured filter as a saturable absorber device. It is also important to note that the potential
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application of ionically-doped glass coloured filters in fibre laser systems has not been
fully studied until now, although a number of demonstrations have been presented in
pulsed solid-state lasers. With the improvement of doping control of the ionically doped
glass coloured saturable absorbers, results presented in this chapter would have signifi-
cance in the ongoing development of power scaling, low-cost, and compact self-starting
sources of picosecond-scale pulses, delivered by all-fibre systems.
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3 Applications of mode-locked lasers
part 1: Towards mid-IR fibre sources
There is remarkable growth in the development of the light sources emitting in the mid-
Infrared (mid-IR) spectral region. This is due to increasing applications including spec-
troscopy of trace gases [Wer02], chemical kinetics [Rim92] and military counter mea-
sures [Bek04] which have led the demand for robust sources with spectral operation in
the region typically ranging from 2 m to 5 m. However, the variety of conventional
fibre laser wavelengths available has been limited by the choice of rare-earth doped ions
in the gain media. Currently, there are very few commercial laser sources in this region
due to the difficulties in engineering suitably reliable sources. In this chapter I investigate
ways of developing fibre-based sources towards the mid-IR, specifically in the 2-3 m re-
gion.
In Section 3.1 I will start by reviewing the currently available sources at 2 m. This
will be followed by a description of chirped pulse amplification (CPA) and an overview
of the supercontinuum generation technique as a robust and effective solution to spectral
broadening. In Section 3.2 I will describe high concentration GeO2 fibres in detail. Aspects
of their history, development, manufacturing technologies for high doping concentration
and fibre properties will be included. Sections 3.3 to 3.5 will focus on the key experimental
results, including the seed oscillator (presented in Chapter 2), CPA for scaling to kilowatt
power levels and supercontinuum generation up to 3 m. Finally, future prospects will
be outlined and conclusions will be drawn in Section 3.6.
3.1 Introduction
3.1.1 2 m laser sources
Ultrafast lasers operating at wavelengths around 2 m [Nel95, Sha96, Kiv07, Sol08,
Wan09] are essential to address demands for mid-IR sources necessary for a variety of ap-
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plications, ranging from molecular spectroscopy and biomedical diagnostics, to medicine
[Fri05] and remote sensing [AN10]. This region is particularly important due to the char-
acteristic absorption lines of several gas species of interest (e.g. CO2 [Zel10]). Since liquid
water (the main constituent of human tissue) absorbs more strongly around 2 m (100
cm 1) than at 1.5 m (10 cm 1) and 1 m (1 cm 1), 2 m laser sources are
promising for medical diagnostic and laser surgery [Wal09]. In addition, Light Detection
And Ranging (LIDAR) [EZ08] measurements and optical free-space telecommunications
can be performed within the 2 - 2.5 m atmospheric transparency window [Geb76].
Of the rare-earth doped fibre-based gain media, thulium (Tm) and holmium (Ho) have
emissions around or above 2 m, with Tm’s upper transition at 1.9-2.1 m and with that
of Ho’s at 2.1 and 2.8 m. Recently, Tm-doped fibre lasers operating at 1.95 m have
become available commercially with the output power scaled to hundreds of watts. Ho-
doped fibre lasers suffer from several problems. The long spontaneous lifetime of the
lower lasing level of the 2.8 m transmission (3 ms), results in inefficient operation.
This along with other obstacles including a lack of pump diodes at 1.15 m and the need
for a soft glass host which significantly increases the complexity of the manufacturing
process to produce the fibres. Some recent progress has been made with respect to Tm-
and Ho-doped fibre lasers, with 33WQ-switched pulses at1.9 m [Stu13], and with 407
W CW output at2.1 m [Hem13]. These systems have attracted considerable attention
due to their potential applications in optical amplifiers and high power lasers.
Another way to produce high power lasers around 2 m is by means of rare-earth ion
doped crystals including Tm3+, Ho3+, Tm3+-Ho3+,Cr3+-Tm3+-Ho3+ and Cr2+ lasers.
Tm3+ doped solid-state based sources have characteristics of long fluorescence lifetime,
broader absorption and emission spectra and cross-relaxation introduced high quantum
efficiency. As such, they become good candidates for high power lasing at 2m [Wan13b].
The transition metal, Cr2+ is broadly tunable over the 2-3 m spectral region. Most re-
cently, an all solid-state rod Tm:YAG laser has been demonstrated to produce CW output
with wavelength switchable between 2.07 and 2.02 m by means of different output cou-
pler transmission. To date, the highest output power achieved in a solid-state laser cavity
has been scaled over 100 W [Wan13b].
Considering beyond the solid-state and fibre options, other solutions to access the
2-3 m region exist, for example vertical external cavity surface emitting lasers (VEC-
SEL) [Ahi13] and optical parametric oscillators (OPO) [Fea13]. Recent work has stud-
ied the use of quasi-phase matched orientation-patterned gallium arsenide in OPO’s,
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pumped by a Q-switched Tm, Ho:YLF laser [Fea13]. The generated output ranged from
2.5-2.7 m and 8.8-11.5 m for signal and idler respectively. While several watts have
been demonstrated using the aforementioned, scaling power further to tens or hundreds
of watts is still challenging.
3.1.2 Chirped pulse amplification
While high power pulses (average power up to hundreds of watts) have been demon-
strated in 2 m lasers, a large majority of them operate in the continuous-wave (CW)
regime and therefore limit the achievable peak power. Current mode-locked 2 m oscilla-
tors have been demonstrated with peak power typically ranging from tens to hundreds of
watts [Eng08, Sol08], primarily operating in the soliton regimes. Extensive amplification
is required to obtain output pulses with kilowatt to megawatt peak power. In amplifiers
for ultrashort optical pulses, however, the optical peak intensities can become very high,
so detrimental nonlinear pulse distortion may occur. This can be effectively prevented by
utilising the technique of CPA, the current state-of-the-art method for most of the highest
peak power lasers.
The schematic of a typical CPA system is shown in Fig. 3.1, consisting of a stretcher,
a multi-stage amplifier and a compressor. The roles of each of these are described as
follows:
• A stretcher is used to temporally stretch or chirp the pulses prior to introducing
them to the gain medium by means of a strongly dispersive element (e.g. diffrac-
tion gratings, fibre Bragg gratings, volume Bragg gratings, dispersive fibre), so that
the high-frequency components lag behind the low-frequency components. After
going through the dispersive element, pulses have longer pulse durations than the
original by a factor ranging from 102 to 105. This effectively reduces the peak power
to a level that the detrimental nonlinear effects are avoided.
• An amplifier is used to amplify the stretched pulse by a factor up to 106. To effec-
tively minimise the nonlinear effects in the amplification process, large-mode area
fibres (e.g. double-clad, PCFs) are usually used as the gain media of the amplifiers.
• A compressor is used after the amplifier to remove the chirp and temporally com-
press the pulses to a duration similar to, or much shorter than the input pulse du-
ration. This stage can be considered as the reversal process of stretching. The
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amplified pulses achieve orders of magnitude higher peak power than that of the
seed oscillator.
Seed
oscillator
Stretcher Amplifier Compressor
Time
Figure 3.1: Configuration of a CPA and the evolution of the temporal pulse shape.
Although solid-state lasers and other solutions, e.g. OPOs and optical parametric am-
plifiers (OPAs), could generate high power, short duration pulses at 2 m, but fibre-
based sources offer advantages of compact geometry, low-cost, efficient heat dissipa-
tion and alignment-free operation. Some recent progresses of Tm-based fibre systems
have been reported, with the output scaled to higher levels (peak power above micro-
jule) [Ime05, Sim13a, Sim13b, Yan12]. Output pulses with peak power exceeding 1 MW
from a Tm-doped fibre laser system has been reported by Sims et al. (>1J 300 fs) [Sim13c]
and Wan et al. (>1 J 760 fs) [Wan13a].
3.1.3 Supercontinuum generation
Overview of fibre-based supercontinuum generation
It is often convenient to discuss nonlinear spectral broadening in terms of effects that
occur in either the normal or anomalous dispersion regime of a nonlinear medium. How-
ever, supercontinuum generation is more complex as it involves interactions that can gen-
erate new spectral components on both sides of the zero dispersion wavelength (ZDW)
[Dud10]. Fibre-based supercontinuum generation involves the full set of nonlinear ef-
fects [Dud10], namely self-phase modulation, cross-phase modulation (XPM), four-wave
mixing (FWM), modulation instability (MI), intra-pulse Raman scattering and resonant
radiation of solitons. These complicated nonlinear processes can be classified into three
regimes, depending on the parameters of the pump source (pulse duration, peak power)
and the dispersion region of nonlinear media summarised as follows:
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• Pumping with femtosecond pulses (typically less than 100 fs and with several kilo-
watts peak power) in the anomalous dispersion regime results in dynamics dom-
inated by soliton fission in the initial spectral broadening. This process involves
the fission event and the interaction between the dispersive radiation and soliton
via FWM and XPM [Dud02b]. The resulting supercontinuum can be exceptionally
broad, and exhibit high degrees of coherence [Cri04, Her02]. However, its spectral
power is relatively low, as such pulse sources are not optimal for scaling to high
average power.
• Pumping with CW or long pulses (>1ps) in the anomalous dispersion regime re-
sults in dynamics dominated by MI in the initial spectral broadening. The extent of
continuum bandwidth is governed by the phase matching conditions for MI/FWM.
After the input pulses have developed into a soliton train, two main mechanisms
are involved in the subsequent spectral broadening. Typically for CW pumping,
a Raman scattering of the solitons leads to a smooth continuum to longer wave-
lengths. For high peak power pulse pumping, it is essential to consider FWM as an
important contribution to the continuum generation process [Dud10]. If a strong
field in the normal dispersion regime is developed through MI when the pump is
sufficiently close to the ZDW, an exceptionally broadband spectrum can be gener-
ated. In this case, the formation of a continuum can be considered as a cascade of
FWM processes (requires phase matching [Har03]), which starts from MI, devel-
ops into the normal dispersion regime and leads to the new frequency generation
over a wide range [Dud02a, Coe02, Tra10a]. MI initiated processes usually lead to
broadband, spectrally flat supercontinua with high average power but low tempo-
ral coherence. This will be investigated further in Section 3.5, where experimental
results obtained in the MI continuum regime are reported.
• Broadband supercontinua can also be generated when pumping with short pulses
in the normal dispersion regime of the fibre [Lin76, Hei10]. In this case, SPM domi-
nates the initial spectral broadening, excluding when the pump is sufficiently close
to the ZDW where FWM can have a large contribution in the evolution. A SPM
continuum has high coherence, making it ideal for a number of applications includ-
ing optical frequency metrology [Ude02] and nonlinear pulse compression [Tak98].
However, if pumping with CW or long pulses where there is not sufficient peak
power for spectral broadening, Raman scattering is the dominant effect, resulting
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in a cascade of spectrally isolated Stokes lines rather than a continuum.
Overview of 2-5 m supercontinuum generation
There is widespread interest in extending the long wavelength edge of the supercontin-
uum beyond the region where pure silica can be employed. Progress in this regard has
been made using fluoride [Xia06, Xia07] and chalcogenide [San09] glass fibres, in par-
ticular ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) [Xia06, Xia07, Kul11] and tellurite [Dom08,
Lia09] glasses, because of their enhanced transmission in themid-IR [Okh12, Xia06, Xia07,
San09, Kul11, Dom08, Lia09, Pri07]. Step-index fibres fabricated from soft glasses, with
transmission windows extending up to 5 m, have been used to demonstrate supercon-
tinua covering the 1 to 4 m region [Xia06, Xia07], pumped by high-power multi-stage
Er-doped fibre lasers operating near the low anomalous dispersion region of the fibre.
An alternative approach targets the development of Photonic crystal fibres (PCFs) made
from tellurite [Dom08, Lia09], including short length tapers [Okh12], because of their
high nonlinear coefficients and broad mid-IR transparency[Okh12, Dom08, Lia09].
While fluoride glass fibres have superior transmission beyond 2 m compared to sil-
ica [Xia06, Xia07], they are non-resistant to moisture [Rav86] and as such, degrade in air
over time [Okh12, Rav86]. In addition, poor compatibility with silica [Okh12] reduces
their potential for realising fully fibre-integrated systems. Although chalcogenides are
hydrophobic [Luc06], and consequently more stable against corrosion [Okh12], the fabri-
cation of compound glass fibres exhibiting single-mode performance is complex [Okh12].
Some recent progress of Raman-soliton continuum has been made using highly-doped
GeO2 silica-clad fibre pumped with an Er-source [Ana12, Kam12]. The bandwidth of the
continuum exceeded 1000 nm, with the long-wavelength limit at 2.5 m. Extension of
the infrared edge of the continuum can be achieved using a longer wavelength pump
source [Gao13, Agg12]. Examples of suitable pump systems include broadly tunable, ul-
trashort pulse OPAs and OPOs [Kam12, Gao13, Agg12]. Such systems, however, have
drawbacks of complex configuration and high cost. More recently, Tm-doped fibre-based
sources have been scaled to higher output powers, offering a robust approach to long
wavelength extension with the benefit of a compact design, efficient heat dissipation and
alignment-free configuration [Okh12].
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3.2 Germania fibre
3.2.1 Background and development
The use of an optical waveguide with pure glass formed cladding and high concentration
GeO2 doped core was first reported in 1975 by Maurer and Schultz [Mau75]. Such fibre
was suggested to offer lower losses at the telecommonication band and superior mode
discrimination. A few years later, a comparison of the Raman scattering cross sections
of GeO2 and SiO2 glass formers, with 514.5 nm excitation was performed [Gal78]. The
results are presented in Table 3.1. It is apparent that bulk GeO2 glass has nearly an order
of magnitude larger Raman scattering cross-section compared to bulk SiO2. In addition,
Galeener et al. demonstrated that the superior scattering length of GeO2/P2O5 doped
glass was shown to provide a larger gain and broader tuning range compared to pure
silica.
Vitreous GeO2 SiO2
Refractive index (RIU) 1.60 1.46
Wave number of peak (cm 1) 420 440
Relative cross section (a.u.) 9.2 1
Table 3.1: Relative peak Raman cross section of GeO2 and SiO2 glass formers, with 514.5 nm excitation.
Adapted from Ref. [Gal78].
Doping the fibre core with germanium has become a routine technique to modify the
refractive index of silica fibres and further enhance the nonlinearity since the 1980s. The
improvement of manufacturing method permits the achievement of higher concentration
germania silica fibres. Some recent results were obtained from single-mode fibres with
core concentration of 30 mol.% to 97 mol.% GeO2 used in supercontinuum generation,
extending from 1.6 to 2.5 m, pumped by a short pulsed Er fibre-based source [Ana12].
3.2.2 Manufacturing technologies of high concentration germania fibres
Historically, manufacturing high concentration germania fibre (above 20-40 mol.% GeO2)
proved difficult. The obstacles involved in producing such fibres originated from the dif-
ferences between the germanium core and silica cladding, e.g. thermal expansion coef-
ficients. This is compounded by a narrow temperature range between the nonsintering
and evaporation of the GeO2 [Cum07]. These difficulties have been overcome through
different approaches, outlined below.
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Multistage outside vapour deposition (OVD)
Maurer and Schultz fromCorning GlassWorks first proposed amethod using amultistage
OVD technique combined with the drilling of auxiliary rods and the polishing of the
preform’s surfaces [Mau75, Dia05]. The fibre was developed to have a pure GeO2 core
and 0.63/0.37 GeO2/SiO2 cladding. It comprised of a 68 m core and 142 m cladding.
The fibre losses were determined by the Rayleigh scattering. The minimum loss of such
fibre was approximately 7 dB km 1 at 0.8 m.
Vapour-phase axial deposition (VAD)
Takahashi and Sugimoto from Furukawa Electric Company improved the production of
GeO2 fibre via the VADmethod [Tak84]. The resulting multimode GeO2-based fibres had
a large core diameter and low index difference. Although some progress was achieved,
with the optimised fibre loss as low as 4 dB km 1 at 2 m, this fibre had a serious prob-
lem with the OH-groups absorption peak at 1.8 and 2.4 m. The fibre loss was further
reduced to 13 dB km 1 by replacing the GeO2 cladding with silica. This could be ex-
plained by a smoother interface between the core and cladding. The work was followed
up by Sakaguchi et al. from Nippon Telegraph and Telephone Corporation (NNT). Al-
though a significant reduction of fibre loss of 0.15 dB km 1 at 2 m was predicted using
a fluorine doped cladding, little actual improvement was made [Sak97].
Polymer cladding
Takahashi and Sugimoto also performed one of the simplest techniques to investigate
the role of the core-cladding interface in scattering losses. 13 dB km 1 at 1.1 m was
achieved in the GeO2/Sb2O3 core combined with the silicone-resin cladding. However,
such a technique was not promising for fabricating fibres at a longer wavelength range
due to strong absorption peaks in the polymer cladding [Dia05].
Rod-in-Tube
Hosaka et al. from NTT proposed a solution of using P2O5-SiO2 as the cladding material
(which has a large thermal expansion coefficient) to avoid the problem of the high thermal
expansion mismatch with the core (germania-glass) [Hos88]. A pure germania-glass core
was inserted into a drilled P2O5-SiO2 tube, which was subsequently inserted once more
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into another P2O5-SiO2 or Pyrex tube [Dia05]. Both the core and the cladding were made
by the VADmethod. The produced fibre which had a high index difference and small core
diameter was used for low-threshold Raman generation. The optical losses, however,
were reported to be 400 dB km 1 at 1.06 m, which could be due to the difficulties in
maintaining a high cleanliness required during the mechanical operations.
Modified chemical vapour deposition (MCVD)
Peder-Gothoni and Leppihalme from technical research centre of Finland proposed to
use MCVD, the most common method of producing a silica glass-substrate fibre to obtain
high concentration GeO2 fibres. The produced fibre had a maximum core concentration
of 45 mol % of GeO2 due to vaporisation of the core and diffusion of the substrate during
the drawing stage [PG87]. Such problems originally arose due to the differences in the
thermal expansion coefficients between the core and cladding and by the temperature
dependencies of viscosity of these glass-substrates (4 orders of magnitude higher than the
core). The viscosity mismatch, as a result, led to non-circular cores which could increase
the optical losses (the measured fibre losses varied from 150 to 300 dB km 1 at 2 m).
Although the MCVD method involves a series of considerable technological problems,
mainly thermal expansion, viscosity mismatch and the small temperature range between
nonsintering and evaporation of the deposited core glass, these have been overcome
by our collaborators at the Fibre Optics Research Centre (FORC) through several solu-
tions [Dia05]:
• Temperature control during core glass deposition, tube collapse, stretching and pre-
form jacketing
• Pressure control inside the tube
• Speed control of a torch and utilising an additional torch
• Variation of an oxidising gas during the glass deposition
• Creation of a gradual change of the thermophysical properties of the glass in the
preform cross section through an intermediate layer of GeO2 with concentration
from 4 to 30 mol.% between the cladding and core
• Development of gradient core-refraction-index deposition without a central dip for
concentration of 50-100 mol.% GeO2 [Bub04]
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Figure 3.2: The linear transmission of silica based concentration of 97 mol.% and 75 mol.% GeO2 fibre.
Adapted from Ref. [Dia05].
• Variation of the buffer cladding composition
Researchers at FORC have developed a number of GeO2 doped silica fibres with differ-
ent cut-off wavelength and fibre losses, presented in Ref. [Dia05].
3.2.3 Fibre properties
It is well established that GeO2 is related chemically to silicon dioxide, sharing many
properties that make it an excellent material for the manufacture of single-mode fibres,
but with superior mid-IR transmission [Dia05, Mas04, Cum07]. In addition, bulk GeO2
glass has larger Raman scattering cross-section and a higher Kerr nonlinearity compared
to bulk SiO2 [Dia05, Mas04]. Consequently GeO2 doping of the core region is routinely
used to enhance the Raman gain of conventional silica-based fibres [Dia05,Mas04, Cum07,
Dia04, Gal78]. Advances in fabrication techniques permit GeO2 doping concentrations in
excess of 50 mol.%, despite a mismatch in the thermal expansion coefficients of SiO2 and
GeO2. In this subsection, I will describe some fibre properties of the GeO2 fibre developed
by FORC. This fibre will be used as the nonlinear medium for supercontinuum generation
in Section 3.4.
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Loss profile
A set of optical-loss spectra in single-mode GeO2 silica-based fibres from two concentra-
tion categories, 97 and 75 mol.% is shown in Fig. 3.2. Measurements show that the total
attenuation is mainly caused by scattering loss exceeding the Rayleigh scattering in bulk
GeO2 by 10 to 100 times. The angular dependence of the scattered light at the measured
wavelength is intensively biased towards the direction of propagation (forward direc-
tion) indicating the presence of relatively large-scale optical inhomogeneities in the core
region [Dia05]. In Ref. [Lik06] it is suggested that these inhomogeneities arise from fluc-
tuations at the fibre core-cladding interface along the fibre length and they are present in
the preform before drawing. However, the tension of the fibre during the draw still af-
fects the losses, which indicates that more than one mechanism may be involved. While
a number of references show that the transmission of GeO2 fibre is superior to silica be-
yond 2.1 m, the loss at wavelengths longer than 2.5 m still increases significantly to
hundreds of dB km 1 [Mas04].
Nonlinear parameter
The nonlinear parameter of a 2 mcore 75mol.% GeO2 fibre was found throughmeasure-
ments of modulation instability sidebands. In Ref [Maz99], it is shown that the maximum
gain in the modulation instability sideband gmax is given by twice the product of the peak
pump power P0 and the nonlinear parameter,  (gmax  g(
max) = 2P0), so for a fibre
length of L, the peak power in the modulation instability sideband PMI is given by
PMI = PASEe
2LP0 (3.1)
where PASE is the power in the ASE noise where the modulation instability sideband is
seeded. This parameter can be cancelled in the expression given by
10log10(PMI) = 8:686LP0 + 10log10(PASE) (3.2)
Therefore, themaximum spectral power of themodulation instability sidebandsmeasured
in a logarithmic unit (dBm) will be linear with increasing power – an arbitrary offset
accounted for the power of ASE noise and a slope which is a function of .
The schematic setup of the pump source in the measurement is shown in Fig. 3.3(a),
consisting of a tunable Tm CW laser, a modulator and a Tm-doped fibre amplifier. The
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modulator was used to increase the duty factor (round-trip time/pulse duration). The
peak power of the output signal was increased by the Tm-doped fibre amplifier (TDFA,
IPG Photonics) which was capable of delivering 2 m signal with an average power up
to 10 W, and the resulting peak power was up to 333 W. The central wavelength of this
2 m source was determined by the tunable Tm CW laser (1907-1937 nm, IPG Photonics).
The generated pump source was coupled into a 20-m long single-mode silica-based
GeO2 fibre, which was spliced to a short length of standard telecom fibre, used as an
intermediate fibre to facilitate improved coupling to the small core of the GeO2 fibre
(shown in Fig. 3.3(b)). Repeatable splice loss between the GeO2 fibre and standard telecom
fibre was as low as 0.4 dB. While  is critically a function of pump frequency, it was
assumed to be constant over the range of measurements. The nonlinear parameter was
measured using the tunable Tm laser tuned to a wavelength of 1911 nm and adjusted
over a range of average powers between 2.3 W and 3.3 W, with a corresponding peak
power between 67 W and 110 W. Spectral measurements after the GeO2 fibre were taken
using an automated Spex 500 spectrometer in combination with a PbS IR detector and
lock-in amplifier. The peak spectral power of both the Stokes and anti-Stokes modulation
instability sidebands were measured and the results are shown in Fig. 3.4.
Tunable Tm
 CW laser
 Modulator TDFA
Pump source
GeO2STF
Spectrometer
(a) Pump source
(b) MI generation
Figure 3.3: (a) Schematic setup of a 2 m source. TDFA, thulium-doped fibre amplifier. (b) Schematic setup
of modulation instability generation. STF, standard telecom fibre.
The nonlinear parameter  can be found in Fig. 3.4 based on Eq. 3.2. It is noted that the
slope for the Stokes and anti-Stokes sidebands differed, which was assumed to be caused
by the anti-Stokes component preferentially acting as a seed for Raman gain in the Stokes
component. Assumptions were made that the extra gain in the Stokes component was
balanced by the loss in the anti-Stokes component. Thus, the true value of  could be
found from the average slope.
The slope (with errors) of both the Stokes and anti-Stokes curves was found through
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Figure 3.4: The plot of peak spectral power of Stokes (blue) and anti-Stokes (green) modulation instability
sidebands against pump power, with their respected linear least squared fits.
a linear least squared fit, showing an average value to be 0.090.05 W 1. It is assumed
that the fibre length was error free. Hence, the value for the nonlinear parameter of the
GeO2 fibre can be found to be 4.960.28 km 1 W 1.
Dispersion parameter
The ZDW of bulk GeO2 is 1.74 m and falls to 1.63 m for concentration of 75 mol.%
silica-based single-mode fibre [Fle84]. This is due to the combined effect of material and
waveguide dispersion in fibres and the core size and refractive index difference between
the core and cladding.
The ZDW of fibre can also be found through a modulation instability measurement. In
Ref. [Agr07], it shows that the gain spectrum ofmodulation instability becomesmaximum
at two frequencies given by

max =  
cp
2
= (2P0j2j )
1=2 (3.3)
meaning that the frequency separation of the modulation instability sidebands is deter-
mined by 2, which is a function of wavelength. Thus, the dispersion curve and subse-
quently the ZDW can be derived from the shift of the modulation instability sidebands
from the pumping wavelength across a range of frequencies. To measure the dispersion
curve, the GeO2 fibre was pumped at an average power of 2.5 W. The wavelength was
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tuned between 1909 nm to 1937 nm (every 2 nm) such that the modulation instability side-
bands could be observed consistently. Again, spectral measurements after the GeO2 fibre
were taken using the Spex, an IR detector and a lock-in amplifier.
Due to the fact that the fibre was pumped in the anomalous region (a requirement for
the observation of modulation instability), Eq. 3.3 can be rearranged and the dispersion
parameter can be written as
2 =  (
c)
2
2P0
(3.4)
where 
c is the frequency separation of either the Stokes or anti-Stokes sideband peak
from the pump line. Hence, the 2 curve for GeO2 fibre can be obtained as derived from
measurements of the separation of the modulation instability sidebands from the central
line, shown in Fig. 3.5. The ZDW of this fibre was then extrapolated to be 1808.54 nm
based on a linear least squared fit1.
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Figure 3.5: 2 curve for the GeO2 fibre as derived from measurements of the separation of both the Stokes
and anti-Stokes sideband from the pump line.
3.3 Seed source
A large number of 2 m fibre lasers have been mode-locked using nonlinear polarisa-
tion evolution [Nel95] and semiconductor saturable absorbers [Kiv07]. However, these
can have some disadvantages. For example, nonlinear polarisation evolution suffers from
1It should be noted that this fit is based on the assumption of linear relationship to ZDW which would be
different when other fitting functions are applied.
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bulky construction and environmental sensitivity. Semiconductor saturable absorbers
have complex and expensive fabrication and packaging and limited bandwidth. Nan-
otubes and graphene are promising saturable absorbers due to their favorable properties:
ultrafast recovery time, broadband operation, ease of fabrication and integration into all-
fibre configurations. The intrinsic property of graphene offers broadband nonlinear ab-
sorption with ultrafast pulse generation being demonstrated at 0.8 [Bae12], 1 [Tan10],
1.3 [Cho08] and 1.5 m [Pop10]. In Chapter 2, I have shown the experimental results
of the mode-locked Tm-doped fibre laser using either a graphene-polymer composite or
double-wall nanotube (DWNT) saturable absorber. It has been demonstrated that such
simple all-fibre design supports low noise operation in a small footprint, suitable for pack-
ing in a compact single-unit system.
SA Ppeak AC Spectral width
Graphene 85 W 3.6 ps 2.1 nm
DWNT 155 W 3.7 ps 3.2 nm
Table 3.2: Comparison of mode-locked results from two Tm-doped lasers.
To further scale the peak power of the Tm-source, pulses generated from mode-locked
lasers will be then applied to a Tm-CPA system. Table 3.2 shows the comparison of mode-
locked results between two Tm-doped oscillators based on different saturable absorbers.
Although both lasers could generate high quality beams (low energy fluctuation and small
timing jitter), there are another two aspects that must be taken into consideration for
selection of the seed source for the CPA system:
• A broader spectral width is preferable since it governs the duration of the pulses
that can be stretched.
• A higher peak power input is preferable since the nonlinear effect (SPM) in the
stretcher leads to spectral broadening which is proportional to the instantaneous
pulse intensity. As such, input pulses with higher peak power will result in a
broader spectral width after the stretcher. This will support a shorter pulse du-
ration after the compressor.
Therefore, the Tm-doped fibre laser based on the DWNT saturable absorber (having 3.2
nm FWHM spectral width and 155 peak power) was selected as the seed oscillator of the
CPA system.
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3.4 Chirped pulse amplification
Mode-locked
oscillator XX
Stretcher
WDM
Pump
WDM
Pump Dump
Tm Amplifier
Tm Fibre
Compressor
M1
M2
M3
kW level output
Figure 3.6: Schematic of the Tm-fibre system for pulse stretching, amplification and compression: WDM,
wavelength division multiplexer; Mirror M1 was tilted to separate the outgoing beam from the incoming
beam. Mirror M2 reflected the compressed pulse output without introducing any additional losses. M1, M2,
and M3 were highly reflective broadband mirrors.
The configuration of the system for CPA is shown in Fig. 3.6, consisting of a stretcher,
a single-mode Tm-doped amplifier and a compressor. Prior to amplification, the output
pulses from the seed oscillator were temporally stretched to greater than 81 ps through
dispersive broadening in a 1.2 km single-mode silica fibre (OFS, cut-off 988 nm), with a
measured loss coefficient of 2.09 dB km 1 and a normal group velocity dispersion of34
ps2 km 1 at 1.95 m.
The amplifier was constructed from a 5.5 m length of single-mode Tm-doped fibre
(Nufern SM-TSF-9/125, core NA of 0.15, MFD of 10.5 nm at 1.95 m, cut-off wavelength
of 1.75 m, and core absorption of 12 dB km 1), pumped through an in house fibre
wavelength-division multiplexing coupler (WDM2) by a 7 W CW Er laser. The length of
active fibre and pump power were optimised to preserve pulse quality during amplifica-
tion, so as to maximise the signal gain. A second WDM (in house element) at the output
of the amplifier extracted residual pump light. Figure 3.7(a) shows the autocorrelation
trace of the amplified output, under maximum pump power, corresponding to an average
signal power of 150 mW. Again, a sech2 fit well represents the pulse-shape, with 81
2Two WDMs were made by T. H. Runcorn.
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Figure 3.7: Amplifier results. (a) Autocorrelation of the amplified pulses with an 81 ps duration. (b) Corre-
sponding optical spectrum.
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Figure 3.8: (a) Autocorrelation of the compressed pulse, with an 850 fs duration. (b) Corresponding optical
spectrum.
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ps duration. The pulse spectrum (Fig. 3.7(b)) was centred at 1.95 m and had a 6.2 nm
FWHM. A pump power of 7 W was required because the seed line was not coincident
with the peak of the spontaneous fluorescence spectrum of the active fibre used in the
amplifier, limiting the available gain at 1.95 m.
To achieve a kilowatt-level peak power, the pulses were recompressed by collimating
the output through an aspheric lens and double passing a pair of 800 lines/mm gold coated
gratings, optimised to operate in the 1.8 to 2.2 m range. Through adjustment of the
grating separation, an 850 fs FWHM duration was achieved (Fig. 3.8(a)). No pedestal
component was observed, indicating high quality amplification and compression. The
low-level satellite pulses were assigned to residual nonlinear chirp accumulated in the
long-length stretcher stage, to the amplification process, and to uncompensated third
order dispersion. The high order dispersion can be compensated using other additional
dispersion compensation components, e.g. chirp mirrors. The nonlinear effects could be
partially avoided by using a chirped fibre Bragg grating as a stretcher. Figure 3.8(b) shows
the largely unchanged spectrum after compression. The resulting peak power of pulses
from the CPA was 12 kW.
3.5 Supercontinuum generation
As discussed previously in the introduction, supercontinuum sources in the near-IR, util-
ising nonlinear fibres, namely PCFs, tellurite and chalcogenide fibres, have become a
commercial success [Dud09]. Typically, such systems are pumped by a master oscillator
power fibre amplifier (MOPFA) [Kud09, Che10], employing Yb-doped fibre technology,
and can cover the transparency window of silica (0.35 to 2.2 m [Dig02, Okh12]), with
high-average spectral power [Kud09, Che10, Wer02]. To further extend the wavelength
beyond the long wavelength extent of common pure-silica PCF-based supercontinuum
light sources, kilowatt pulses generated from CPA were then coupled into a length of
high concentration GeO2 fibre with a number of advantages discussed in Section 3.2.
Mode-locked
oscillator GeOSMF
2
CPA
Figure 3.9: Schematic of the supercontinuum generation.
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Figure 3.10: Supercontinuum bandwidth as a function of GeO2 fibre length.
The configuration of supercontinuum generation is shown in Fig. 3.9. A short length
of standard telecom fibre was used as an intermediate fibre to improve coupling to the
small core GeO2 fibre. Repeatable splice loss between the GeO2 and standard telecom
fibre was as low as 0.4 dB. The ZDW of the GeO2 fibre was estimated at 1808 nm and
its group velocity dispersion (GVD) at the pump wavelength (1.95 m) was -5.41 ps2
km 1. This matches the results from a recent report using a similar fibre [Ana12]. Thus,
the GeO2 fibre was pumped in the region of low anomalous GVD and the continuum
dynamics were initiated by modulation instability, given the pump format. This dynamic
was consistent with the fact that the spectral sideband signature of modulation instability
was observed at low pump powers (refer to Section 3.2), before significant continuum
formation.
Spectral measurements after the GeO2 fibre were taken using an automated Spex 500
spectrometer in combination with a PbS IR detector and lock-in amplifier. Although the
transmission of GeO2 is superior to silica beyond 2.1 m, the loss at wavelengths longer
than 2.5 m still increases significantly to hundreds of dB km 1. As such, it is important
to pump short lengths, with high-peak power pulsed sources.
The average spectrum was recorded as a function of the fibre length using a cutback
technique starting from a 5.8 m length of GeO2 fibre. A plot of the corresponding gener-
ated supercontinuum bandwidth (10 dB level) as a function of GeO2 fibre length is shown
in Fig. 3.10. The evolution of the cutback process can be seen from the two-dimensional
(2D) intensity (Fig. 3.11) and waterfall plots (Fig. 3.12). The continuum width monoton-
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Figure 3.11: 2d intensity plot showing the spectra change in the cut-back process.
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Figure 3.12:Waterfall plot showing the spectra change in the cut back process.
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Figure 3.13: The output spectrum after 3.4 m of propagation in the GeO2 fibre.
ically decreases beyond a fibre length of 3.5 m, which can be attributed to re-absorptive
loss due to infrared absorption. The broadest spanning supercontinuum achieved, where
a balance of nonlinear gain and linear loss was reached, is shown in Fig. 3.13. A spectrum
extending from 1.9 to 3 m was generated in an optimised fibre length of 3.4 m.
3.6 Summary
In this chapter, the currently available 2 m sources, the basic concept of CPA and the
robust and effective method to extend the wavelength towards mid-IR region have been
reviewed. We have discussed the high concentration GeO2 fibre which was used for spec-
trum extension in this thesis from a number of aspects, including the history, develop-
ment, manufacturing technologies for high doping concentration and fibre properties.
This was followed by a series of experimental results summarised as follows:
A Tm-doped fibre laser mode-locked by a double-wall carbon nanotube saturable ab-
sorber generated 3.7 ps pulses at 6.1 MHz, with 0.57 nJ single-pulse energy, demonstrat-
ing the operation of carbon-based material in the mid-IR. In order to achieve a strong
absorption peak in the 2 m range carbon nanotubes had a diameter of 1.7 nm and were
embedded in a polymer matrix, to form the saturable absorber for mode-locking. The
output pulse of such lasers were then amplified to 12 kW through a Tm-CPA system.
We have also shown the demonstration of a Raman-soliton continuum, extending be-
yond 2.5m, pumped at 1.95mwith 12 kWpeak power pulses delivered from a nanotube-
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mode-locked Tm-based CPA, in an optimised 3.4 m length of 75 mol.% GeO2 fibre. This
approach provides a robust, long-term stable source of radiation in an important band, co-
incident with a portion of the atmospheric transmission windowwhich covers the overall
dynamic property of the earth’s atmosphere.
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The combination of saturable absorbers, widely employed in lasers to initiate and stabilise
mode-locking, and rare-earth doped fibre gain media, such as erbium (Er) and ytterbium
(Yb), provides a flexible and powerful approach to generate ultrashort pulses. In Chapters
2 and 3, examples of mode-locked fibre lasers emitting in a single wavelength region
were demonstrated. However certain applications, such as pump probe spectroscopy, can
require dual-colour ultrafast pulsed sources. An important aspect of these dual-colour
lasers is the relative timing, or synchronism, between the two pulse trains. One approach
to achieve synchronisation is through the use of a common saturable absorber, and this
has been demonstrated with both carbon nanotubes and graphene [Zha11].
This chapter sets out work done on the development and demonstration of such syn-
chronised laser sources. Section 4.1 briefly introduces the background of synchronised
mode-locked lasers, providing a review of recent developments in the field, the commonly
used methods to achieve synchronisation and a discussion of general applications of dual-
wavelength systems. The general mechanism for passive synchronisation is discussed in
Section 4.2, in particular the influence of cross-phase modulation (XPM) upon the syn-
chronisation. Experimental results of two systems are shown in Section 4.3 - the syn-
chronisation of an Yb- and an Er-lasers through two different shared saturable absorbers,
single-wall carbon nanotubes (SWNT) and graphene. Results from sum frequency genera-
tion in graphene utilising these lasers are presented in Section 4.4, and finally conclusions
are drawn in Section 4.5.
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4.1 Introduction
4.1.1 Background
The timing of ultrashort pulses is key in a number of approaches addressing time do-
main processes. For the applications, such as precision frequency metrology [Hen01,
Ude02, She01] and on-board optical clocking, ultrashort pulsed sources operating at a
stable repetition rate are desirable tools to enable the accurate control of the experiment
time scale. However, the temporal stability of a mode-locked laser without any frequency
stability control will be adversely affected by internal (amplified spontaneous emissions)
and external changes (e.g. temperature fluctuations, mechanical vibrations and pump
variations). These instabilities can be avoided by synchronising the ‘free-running’ mode-
locked laser to an external, accurate source, such as an atomic clock, or adjusting the
cavity length of a mode-locked laser using an electronic feedback.
Additionally, in recent years, rapidly growing interest has been focused on develop-
ing laser systems operating at multiple wavelengths with the repetition rate of each in-
dependent laser being the same. These lasers are known as synchronised lasers, dual-
wavelength or two-colour sources and are valuable instruments for ultrafast science and
technology including coherent anti-Stokes Raman scattering (CARS) microscopy, pump-
probe experiments and difference-frequency mixing.
There are different solutions to achieve dual-wavelength stable sources. One approach
is to make use of optical parametric amplifiers (OPA), where the two-colour pulses pro-
duced by the laser and optical parametric oscillators (OPO)/OPA are inherently synchro-
nised. However, these systems come at a large cost and are complicated to operate. An-
other approach is through the synchronisation technique where two lasers are temporally
synchronised using a feed-back locking system to compensate for the repetition rate mis-
match. This approach has attracted considerable attention due to its potential stability,
low-cost and environmental robustness.
Key parameters of synchronised systems
The synchronisation stability is crucial to determine how long lasers will remain locked
in synchronism. Key parameters that characterise the performance of such synchronised
lasers are as follows.
• Cavity length mismatch (L): this is defined as the difference in cavity length of
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the two synchronised laser cavities. L can also be expressed in the frequency
domain, as the offset frequency drift (fr). Typically, L is orders of magnitude
smaller (usuallyL/cavity length<10 4) compared to the cavity length, and can be
compensated by either external circuits electric-feedback or nonlinear effects (e.g.
XPM).
• Timing jitter (j): this is related to the phase noise on the optical frequency com-
ponents of the synchronised pulse train. In a synchronised laser, this noise can be
considered as the deviation between the temporal pulse positions from one laser
and those of the other. This parameter can be extracted from the power spectral
density (PSD)1 of the synchronised intensity, given by the Fourier transform of the
cross-correlation function. Typically, the timing jitter is presented with an root-
mean-square (RMS) value for a certain measurement bandwidth2. The timing jitter
provides a critical metric for the stability/precision of the synchronised systems,
and is required to be as minimal as possible for optimal performance in the major-
ity of applications.
Synchronisation methods
In general, pulse synchronisation requires independent lasers to be mode-locked at ex-
actly the same repetition rate (f ). As f depends inversely on the cavity length, a feedback
locking system is required for laser synchronisation to compensate for the unavoidable
cavity variation. According to the different types of feedback systems, the synchronisa-
tion scheme can be classified as active, passive or active-passive hybrid synchronisation.
Each has their own inherent advantages and disadvantages and are summarised below.
• Active synchronisation applies electronic feedback to control the cavity length. It
has been demonstrated that combined time and frequency active stabilisation re-
sults in good synchronisation. Timing jitter as low as 300 attoseconds has been
reported, using a balanced cross-correlator for active feedback, the optical equiv-
alent of a balanced microwave phase detector [Sch03]. Another example of low
jitter (580 attoseconds) was obtained in a system with the implementation of a fast-
bandwidth servo [She02]. While the RMS timing jitter, which critically depends
1Power spectral density represents the mean-squared phase fluctuation at Fourier frequency f from the
carrier in a measurement bandwidth of 1 Hz. This parameter includes contribution from both the upper
and lower sidebands of the carrier.
2In synchronised laser systems, this bandwidth typically ranges from tens to hundreds of kilohertz.
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on the precision of the external control circuits, can be small, such systems can be
complex and the bandwidth is limited by the electronic circuits.
• Passive synchronisation is where the nonlinear interaction of the two beams pro-
motes coupling and has attracted considerable attention due to the lack of exter-
nal feedback control circuits. There are two main routes to achieve passive syn-
chronisation, either by injection synchronisation in a master-slave configuration
[Zho09, Zen10] or through the separate lasers sharing part or whole of their cavi-
ties [Rus04b, Hsi09].
– In a master-slave injection synchronisation configuration, the master pulses
from one cavity are injected into a slave cavity. Pulses from both cavities co-
propagate and interact inside the slave cavity. Because the strong nonlinearity
is induced by the master pulse, the operation of the slave cavity is dependent
on the master pulse injection.
– In a shared laser cavity synchronisation scheme, pulses overlap and experi-
ence nonlinear interaction in the common cavity section. This common cav-
ity section can be single-mode fibre based devices, e.g. output couplers, gain
medium [Fur96, Rus04b, Zen10] or saturable absorbers [Zha11].
In both configurations, the variations of cavity length (or frequency shift) among
the synchronised lasers is balanced by modulating the intra-cavity nonlinearity,
meaning that high pulse peak powers are favourable to initiate synchronisation.
The cavity length mismatch in this scheme is balanced by the nonlinear optical
effects (XPM). Although the passive technique is limited by the walk-off length of
two synchronised pulses, in most cases it produces relatively small timing jitter
(few femtoseconds) [Yos06] and large cavity length mismatch (up to millimetres)
[Zha11].
• Active-passive hybrid synchronisation combines the advantages of both schemes.
The walk-off length of the synchronous systems is reduced by using an active
schemewith electronic phase-locking loop devices, while small timing jitters among
these systems are guaranteed by nonlinear optical coupling within the synchronis-
ing laser cavities. To achieve a large cavity length mismatch, one common method
applied to this synchronisation configuration is combined with the master-slave
and the external electronic feedback. In this case, in addition to the cavity length
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stabilisation by the electronic feedback, the hybrid passive synchronisation scheme
entails nonlinear effects as an additional function in the slave laser to initiate mode-
locking rather than only to shift the central wavelength and modulate the intra-
cavity group delay, where influences of the master laser injection can be enhanced.
As a result, the synchronisation in such configuration exhibits advantageous fea-
tures inherited from both coupled-cavity and master-slave configuration [Zen10].
To date, a record timing jitter as low as 100 attosecond has been achieved using this
scheme [Yos05].
4.2 Synchronisation mechanism: passive scheme by
cross-phase modulation
In this section, wewill present some basic discussion of passive synchronisation, in partic-
ular the role of XPM in the process. For a more complete discussion I refer to Refs. [Zen10,
Zhu05, Agr07, Wei02, Bal88, Lis90].
To start with, pulses from each cavity (laser-a and laser-b) are assumed to co-propagate
inside the cavity with a given length L3. Before being synchronised, the two lasers are
independently mode-locked to produce ultrashort pulses operating at their respective
round-trip frequency fa and fb. Due to their different round-trip time, the pulses can
only meet each other with a frequency of f = jfa   fbj. Once the two pulses co-
propagate inside the shared region L, there exists a possibility that two lasers operate at
the same round-trip frequency as the nonlinear coupling may produce offset frequency
driftsf 0. When the relation off = f 0 is satisfied, laser-a and laser-b are effectively
matched. Since the operating wavelength of two lasers are different, they experience
different group velocities and thus the walk-off length between two lasers is given by
Lwalk off =

d
(4.1)
where  is the pulse duration at the starting point in the interaction, and
d =
va   vb
vavb
(4.2)
3In a master-slave configuration, the ‘co-propagating’ part is the cavity length of the slave laser. In the case
of sharing cavity, L refers to the common part.
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where va and vb correspond to the group velocity at a and b, respectively.
Following Refs. [Bal88, Zhu05, Zen10]4, if the condition of L > Lwalk off is satisfied,
the maximum induced phase shift can be written as
'b!a =
aPbLwalk off
a
(4.3)
'a!b =
bPaLwalk off
b
(4.4)
where  is the nonlinear coefficient, expressed as  = 2n2=Aeff , n2 is the nonlinear
refractive index and Aeff is the effective beam cross section.  is the pulse duration and
P is the peak power.
To better explain the feed-back mechanism of the XPM effect in passive synchronisa-
tion, the induced phase shift is usually discussed in the frequency domain. We assume
that laser-a and laser-b have instantaneous optical frequencies of !a and !b, and the brief
expression of XPM-induced frequency change can be described as [Wei02]
!a /  n2(!a; !b)@Ib
@t
(4.5)
!b /  n2(!b; !a)@Ia
@t
(4.6)
Figure 4.1 illustrates the dynamic process of this feed-back mechanism of XPM in passive
synchronisation scheme. It is assumed that the two synchronised lasers have a relative
fluctuationf corresponding to a pulse separation in the time domain5. The initially
co-propagating laser pulse-a can go ahead or behind of the laser pulse-b, presented in Fig.
4.1(a) and (b).
In the case that pulse-a goes ahead of pulse-b (shown in Fig. 4.1(a)), the leading part
of laser-a will cross with the trailing part of laser-b. Because the slope of intensity Ia is
negative for laser-b !b > 0, the spectrum of laser-b will be blue-shifted while laser-a
will be red-shifted (!a < 0, due to Eq. 4.5 and 4.6). Thus in a medium with negative
group dispersion for instance, the blue shifted-light will go faster than the red-shifted
4It is clear that pulses propagating in each of the cavities can be described using the nonlinear Schrödinger
equation by considering the XPM term.
5The fluctuation may come from any small perturbations during the laser operation, e.g. thermal and
temperature fluctuation or random polarisation change.
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Figure 4.1: Co-propagation diagram of (a) Laser-a ahead or (b) behind of Laser-b, with a mismatch in a
synchronised-mode.
component and the time difference  will be reduced which means that the delayed
pulse (laser-b) can catch up with the advancing pulse (laser-a).
In the case that pulse-a is behind pulse-b (shown in Fig. 4.1(b)), the leading part of
laser-b will cross with the trailing part of laser-a. This situation will lead to a blue-shift
of laser-a (!a > 0) and a red-shift of laser-b (!b < 0). Similar to the first case, the
reduction of time interval will be achieved by the speeding up of laser-a and slowing
down of laser-b.
Once the maxima of both pulses coincide,f will be reduced to zero. In this case, the
spectral broadening becomes symmetric and the change in the carrier frequency vanishes.
This pulling behaviour guarantees that two lasers are synchronised with a locked round-
trip time.
4.3 Demonstration of dual-wavelength systems
As discussed in the introduction section of this chapter, despite a timing jitter of 100 at-
toseconds achieved by the hybrid synchronisation and 300 attoseconds achieved by an
active scheme, the required electronic feedback system makes these techniques complex.
Unlike the electronically supported scheme, passive synchronisation permits a simple op-
tical method to obtain synchronous laser pulses without the need for complicated elec-
tronic feedback circuits.
In this section, experimental results of the synchronisation between an Er- and Yb-
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laser by sharing a broadband single-wall carbon nanotube (SWNT) saturable absorber
are presented. This will be followed by a demonstration of synchronised Er-/Yb-laser
through a polymer graphene composite sample.
4.3.1 Synchronisation between an Er- and Yb-laser 1: sharing a
single-wall carbon nanotube saturable absorber
Experimental setup
The configuration of the two-colour all-fibre laser is shown in Fig. 4.2, with the top and
bottom parts representing the Er- and Yb-laser respectively. In the Er-laser, a commer-
SWNT
YDFA
OC
PC
C
CFBG
OC
PC
EDFA
WDM WDM
DL ISO
1
2
Figure 4.2: Schematic of the two-colour all fibre mode-locked laser: EDFA, Er-doped fibre amplifier; OC,
output coupler; PC, polarisation controller; WDM, wavelength division multiplexer (1.55/1.06 m); YDFA,
Yb-doped fibre amplifier; CFBG, chirped fibre Bragg grating; DL, fibre-pigtailed optical delay line.
cial fibre amplifier module (IPG Photonics, consisting of 1.5 m double-clad Er-doped fibre
counter pumped by a 4 W multi-mode diode at 980 nm, maximum 23 dBm gain) was
used to provide a noise seed and amplification around 1.55 m, and was followed by an
inline optical isolator to ensure unidirectional propagation. The output signal was deliv-
ered through a 50:50 fused-fibre output coupler (OC1). A polarisation controller (PC) was
added to adjust the polarisation state within the cavity, but was not fundamental to the
mode-locking action. The cavity length of the Er-laser could be changed by a maximum
of 9 cm through a fibre-pigtailed optical delay line, corresponding to a temporal delay of
300 ps. The Er-laser cavity was 15 m long, contained 13.8 m of single-mode fibre, with
an estimated value of group velocity dispersion (GVD) at 1.5 m of -17 ps2km 1 [Agr07],
resulting in an Er-cavity group velocity dispersion (GVD) per round-trip of -0.234 ps2.
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Figure 4.3: Linear transmission of a polymer (carboxymethylcellulose) thin film with embedded individual
SWNTs. The black dashed line indicates the point on the curve where the Yb-laser operated. The green
dashed line indicates the point on the curve where the Er-laser operated.
The dispersion of Er-doped fibre can be found in Ref. [Mat91], where a maximum abso-
lute value for the dispersion was 0.009 ps2dB 1 at the wavelength of 1.534 m [Mat91].
Assuming that the small-signal gain of the commercial amplifier module was 25 dB for
a single-pass, the net dispersion (GVD per round-trip) of the Er-laser, considering the
length of active and passive fibre, was -0.009 ps2.
The Yb-laser, the other half of the dual-wavelength laser, was constructed from a com-
mercial fibre amplifier module (IPG Photonics, consisting of 0.6 m double-clad Yb-doped
fibre and a 4 W countered pumped multi-mode diode at 980 nm), generating the noise
seed and amplification around 1.06 m, a 20% OC, and a PC. A polarisation-independent
inline fibre circulator was employed to incorporate a chirped fibre Bragg grating (CFBG),
providing a negative dispersion (GVD per round-trip) of -21.6 ps2, and ensuring unidi-
rectional propagation. The strong anomalous dispersion of the CFBG dominated the nor-
mal dispersion contribution from other components, e.g. double-clad Yb-doped fibre or
single-mode fibre, ensuring stable operation in the soliton regime.
Both lasers shared a transparent carboxymethylcellulose filmwith homogeneously em-
bedded individual carbon particles. Figure 4.3 shows the linear transmission with two
prominent absorption features at 1.8 m and 1.0 m, corresponding to the E11 and E22
electronic transitions in the density of states. Reference [Tra10b] quotes the nonlinear
parameters of this SWNT, shown in Table 4.1.
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Transitions Modulation depth Saturation intensity Transition lifetimes
E11 13% 10 MW cm 1 400 fs
E22 15% 220 MW cm 1 40 fs
Table 4.1:Nonlinear parameters of single-wall nanotube saturable absorber including the modulation depth,
saturation intensity and transition lifetimes. Adapted from Ref. [Tra10b].
Synchronisation measurement: mode-locking
Stable, self-starting mode-locking was achieved in both lasers independently using the
same saturable absorber. In the non-synchronised state, the spectral and temporal inten-
sity of the Er-laser pulses were maintained while the cavity length was adjusted through
the delay line. The systems behaved like two independent cavities. When the repetition
rate of the Er-laser was precisely adjusted using the delay line to twice the value of the
Yb-laser, a passive synchronisation was obtained. As the pump power of the Yb-laser var-
ied, two modes of synchronisation were observed: either the repetition rate was locked at
the fundamental frequency (one pulse per round-trip time) or the second cavity harmonic
frequency (two pulses per round-trip time), with the latter observed as the pump power
increased. When synchronised at the repetition rate of both their fundamental frequency,
the radio frequency spectra were measured by an radio frequency analyser (RF analyser),
with the value of 6.54 MHz and 13.08 MHz in Yb-laser and Er-laser respectively. The syn-
chronised pulse trace was recorded by a 50 GHz sampling scope and a photodiode with
a 15 ps rise-time, shown in Fig. 4.4. The corresponding single pulse energy directly from
the cavities was 1.9 pJ for the Yb-laser and 15 pJ for the Er-laser, assuming all the energy
is contained within the body of the pulse.
The spectrum of the Er-laser was (Fig. 4.5(a)) centred at 1535.48 nm, with a full width at
half maximum (FWHM) of 1.48 nm. The corresponding pulse duration, measured using
an intensity autocorrelation, was 2.1 ps (deconvolved) fitted with a sech2 pulse shape
and plotted in Fig. 4.5(b). Figure 4.6(a) shows the optical spectrum of Yb-laser, centred
at 1067.1 nm, with a FWHM of 0.24 nm, and the corresponding pulse width was 6.1 ps
(deconvolved), with a sech2-fit, shown in Fig. 4.6(b). The fundamental cavity frequency of
Er- and Yb-laser is shown in Fig. 4.7, indicating that there were no aharmonic components
on a 8 kHz span. In order to obtain the higher harmonic frequencies of the synchronised
laser, the output pulses from both lasers were injected into a 1060/1550 WDM. Figure 4.8
shows the measured frequency components detected from the output port of the WDM,
recorded on a span of 120 MHz, with a 3kHz resolution. No noticeable beat frequency
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shift was observed, indicating the good long-term stability of the mode-locking.
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Figure 4.4: Pulse train of the synchronised dual-wavelength lasers.
Figure 4.9 shows the repetition rate of both lasers as a function of the cavity length
tuning of the Er-laser through the variable delay line. In the fundamental mode of the
synchronised operation, where there is only one mode-locked pulse per round-trip time
inside the cavities, both lasers remained at the repetition frequency imposed by the Yb-
laser, and obtained for the maximum detuned frequency of 1200 Hz, corresponding to a
tolerable cavity length mismatch of 1400 m.
It is important to note that the transition from the non-synchronised to the synchro-
nised regimes described above did not modify the pulse parameters within experimental
accuracy. References [Wei02, Wal11, Rus04b, Fur96] reported that when two lasers were
synchronised, a wavelength shift was observed in the slave laser. This has been explained
by the asymmetric broadening caused by the XPM effect6 [Bal88, Fur96]. However, this
feature was not observed in our synchronised Er- and Yb-lasers which may be due to the
low intra-cavity peak powers (1.48 W for Yb-laser and 14.28 W for Er-laser). To fully
characterise the influence of XPM in our synchronised system, a series of experimental
spectra were recorded on narrower spans of 6 nm and 4.2 nm for the Er- and Yb-laser
respectively to show the detailed resolution of the lasing spectra in contrast with the am-
plification spontaneous emission background (ASE). Figure 4.10 and 4.11 clearly show that
for a spectral resolution of 0.01 nm there is no noticeable shift in the centre wavelength
6The shifted central wavelength was generated through the XPM which allows compensation for cavity
length variation owing to adequate change in the pulse group velocity.
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Figure 4.5: (a)Measured optical spectrum, and (b) the corresponding experimentally measured intensity
autocorrelation.
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Figure 4.6: (a)Measured optical spectrum, and (b) the corresponding experimentally measured intensity
autocorrelation.
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Figure 4.7: Fundamental radio frequencies of (a) Er laser and (b) Yb laser.
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Figure 4.8:Higher harmonic frequencies of the synchronised two-colour pulses, on a span of 120 MHz, with
a resolution of 3 kHz.
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Figure 4.9: Repetition rates of the synchronised Yb- (blue round) and the Er-laser (black spot) under different
cavity length mismatches. The synchronised repetition rate is 13.08 MHz, and twice the repetition rate of
the Yb-laser is plotted. The diagonal line (red triangle) presents the cavity-length-dependent repetition rates
of the non-synchronised Er-laser.
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Figure 4.10: 2D plot of Er-laser central wavelength on a normalised and linear scale. The spectra were
recorded on a span of 6 nm, with a 0.01 nm resolution. The positions of -200, 0, 200, 400mcorrespond to non-
synchronised operation, starting synchronisation, synchronisation with cavity-length mismatch tolerance of
200 and 400 m, respectively.
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of either laser as a function of the cavity detuning.
Based on Fig. 4.10 and 4.11, it should be noted that differing from Refs. [Rus04b, Rus04a,
Hsi09], the synchronisation operation in this system is not due to the influence of the
XPM effect as the cavity has a short shared interaction length with low nonlinearity and
low intra-cavity peak power. We believe that the synchronisation was stabilised by the
nonlinear coupling effects between the E11 and E22 states of the SWNT saturable absorber.
The relaxation dynamics of the E22 transition of the SWNT saturable absorber device,
excited by a 1 m photon supported the synchronisation between two cavities: the elec-
tron in the CNT matrix non-radiatively decays via the E11 level, coupling the nonlinear
saturable losses to the 1.55 m transition. This model of saturable decay of the E22 tran-
sition, shown in Fig. 4.12, has been illustrated by photoluminescence measurements in
Ref. [Bac02] that show only a strong signal at the corresponding E11 transition was ob-
served. Thus, in the synchronised mode, the E11 state is occupied and saturated by both
Er- and Yb-laser, and results in a decrease of threshold. Additionally, in the synchronised
regime, a small decrease (5%) was observed in the threshold power of both lasers which
may also be used to prove the nonlinear coupling in the SWNT saturable absorber.
Synchronisation measurement: jitter measurement
In order to further quantify the synchronisation, the timing jitter between the two lasers
was measured by the cross-correlation technique (setup shown in Fig. 4.13) [Miu02].
The output pulses of the Er- and Yb- lasers were amplified to 2.84 mW and 6.03 mW,
corresponding to the single pulse energy of 0.22 nJ and 0.92 nJ, by a single-mode Er-
amplifier and a Yb-amplifier respectively. A 1.06/1.55 m WDM was incorporated to
combine the synchronised Er- and Yb-pulses. The beams at the output port of the WDM
were collimated through an aspheric lens and then divided into two by a broadband beam
splitter (BS). Two coloured glass filters (blocking the Er in one arm and the Yb in the other
arm) were located in each arm. The arm length difference and thus the relative timing of
the pulses could be mechanically tuned through the variable delay line, consisting of a
retroreflector with two highly reflective broadband mirrors. Finally, pulses were focused
on a Beta Barium Borate (BBO) crystal with a high 2 nonlinearity for sum frequency
generation. Filter 3 in the cross-correlation configuration ensured a clean and strong sum
frequency signal with low-noise background by blocking the residual Er- and Yb-pulse.
By adjusting the variable delay line in one arm of the cross-correlator, the cross-correlation
trace was obtained and recorded on an oscilloscope. The FWHM of the cross-correlation
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Figure 4.11: 2D plot of Yb-laser central wavelength on a normalised and linear scale. The spectra were
recorded on a span of 4.2 nm, with 0.01 nm resolution. The positions of -200, 0, 200, 400 m correspond to
non-synchronised operation, starting synchronisation, synchronisation with cavity-length mismatch toler-
ance of 200 and 400 m, respectively.
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Figure 4.12: Schematic of the levels involved in saturable absorption of E11 and E22, adapted from
Ref. [Tra10b].
.
138
4.3 Demonstration of dual-wavelength systems
BS
Amplified
Sync.
Detector
Oscilloscope
M2
M1
M3
Filter1
Filter2
Lens
Lens
Crystal
Filter3
Delay
Figure 4.13: Schematic setup of the cross-correlation experiment: M1, M2, and M3, highly reflective broad-
band mirrors; BS, beam splitter; Delay, a retroreflector with two high reflection mirrors.
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Figure 4.14: Cross-correlation trace from the two synchronised all-fibre mode-locked lasers.
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pulse was 6.5 ps, shown in Fig. 4.14.
The calculation of timing jitter can be processed in two approaches: using a fast Fourier
transform method or the basic statistical theory. Their details are shown below.
Timing jitter calculation using the fast Fourrier transform method
To determine the timing jitter between the two synchronised lasers, the half-maximum
intensity of the cross-correlation trace was recorded with 8000 points in one second, cor-
responding to a Nyquist frequency7 of 4 kHz. The data was processed using a standard
fast Fourrier transform (FFT) method. It is noted that the phase of a frequency source
creates noise sidebands on the carrier frequency that are spaced from the carrier by the
frequency where the noise occurs. This weakens the power in the carrier by spreading
into the sidebands [Sco01]. The PSD was used to represent the mean squared phase fluc-
tuation at Fourier frequency f from the carrier in a measurement bandwidth of 1 Hz. The
calibrated PSD and the integrated RMS timing jitter of 600 fs, in a Fourier freqency range
from 1 Hz to 4 KHz, is shown in Fig. 4.15. Beyond 1 kHz the jitter PSD decays while the
integrated RMS timing jitter appears to saturate (530 fs RMS jitter from 1 Hz to 1 kHz),
indicating that the jitter was mainly contributed by lower frequency noise.
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Figure 4.15: Sum-frequency generation intensity-noise power spectral density (PSD) and integrated timing
jitter of the synchronised lasers.
7The Nyquist frequency is equal to half the sampling frequency of the signal and is the highest frequency
that the sampled signal can unambiguously represent.
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Timing jitter calculation using basic statistical theory
The synchronisation accuracy can also be theoretically estimated from the intensity cross-
correlation function using basic statistical theory. The probability distribution of the tim-
ing jitter having a sech2 profile8 is given by
Ic() = Ppsech
2(

c
) (4.7)
where Pp is the peak power and c is the FWHM of the cross-correlation function. The
FWHM of the cross-correlation trace with respect to the timing jitter and pulse durations
can be written as
c =
q
2Er + 
2
Y b + 
2
j (4.8)
where Er and Y r are the FWHM pulse width of Er- and Yb-pulse, respectively. j is
the FWHM of the timing jitter. Based on the RMS value of a sech2 distribution, the RMS
timing jitter was calculated to be 520 fs. The synchronisation can be operated for hours
without any noticeable pulse fluctuations. To further reduce the degree of pulse jitter, it is
important to optimise the parameters of the oscillators, e.g. to reduce the pulse duration
or to make the round-trip frequency of both cavities be the same.
4.3.2 Synchronisation between an Er- and Yb-laser 2: sharing a
graphene-PVA saturable absorber
Graphene has been shown to be an attractive platform for next-generation optoelectronic
and photonic technologies due to its remarkable properties [Bon10b], such as its broad-
band absorption because of the linear dispersion of the Dirac electrons. In Chapter 2 the
strong saturation absorption property of graphene was demonstrated in a thulium-doped
fibre laser, producing stable ultrashort pulses. In this section, I will demonstrate that
this new carbon-based material can also be used to achieve self-synchronised behaviour
between the Er- and Yb-lasers.
Experimental setup
The configuration of coupled Er- and Yb- lasers is shown schematically in Fig. 4.16. Es-
sentially two independent mode-locked oscillators, similar to the previous system (Fig.
8The cross-correlation pulse can be seen as the convolution of two pulses which are well fitted by using a
sech2-function.
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4.2) were locked in synchronism through the shared interaction with a graphene-PVA
saturable absorber in a common cavity segment. Each cavity comprised a commercial am-
plifier module (IPG Photonics), providing approximately 25 dBm gain at 1.06 and 1.55 m,
pumped by multi-mode diodes at 980 nm, respectively. Both cavities had an optical isola-
tor for travelling-wave operation and an intra-cavity PC and consisted entirely of single-
mode fibre. Fused fibre couplers independently extracted 20% and 15% output from the
Er- and Yb-cavities, respectively. The cavity length of the Er-laser could be changed by a
maximum of 9 cm through a fibre-pigtailed optical delay line, corresponding to a temporal
delay of 300 ps. The Er-cavity was 27.8 m long, contained 26.3 m of standard telecommu-
nication fibre (STF), with an estimated value of GVD at 1.5 m of -17 ps2km 1, resulting
in an Er-cavity GVD per round-trip of -0.45 ps2. The dispersion of the Er-doped fibre was
0.225 ps2. Therefore, the net GVD per round-trip was -0.225 ps2. Dispersion compensa-
tion of the intrinsically normally dispersive Yb-half was achieved with the inclusion of a
CFBG, with an anomalous dispersion of -21.6 ps2, incorporated using an optical circula-
tor. The strong anomalous dispersion ensured the stable operation of both cavities in the
average soliton regime.
Graphene
YDFA
OC
PC
C
CFBG
OC
PCEDFA
WDM WDM
DL
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1
2
Figure 4.16: Synchronous Er/Yb laser setup: DL, optical delay line; EDFA, erbium-doped fibre amplifier; ISO,
optical isolator; PC, polarisation controller; WDM, wavelength division multiplexer; OC, fused fibre output
coupler; YDFA, ytterbium-doped fibre amplifier; C, optical circulator; CFBG, chirped fibre Bragg grating.
The linear absorption spectrum of the graphene-based saturable absorber, used to initi-
ate and promote strong intra-cavity pulsing andmediate synchronism through an absorp-
tive nonlinear coupling, was recorded by a commercial spectrophotometer, and is shown
in Fig. 4.17, with the black and green dashed lines labelling the Yb and Er operation wave-
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lengths. It can be seen that the transmittance of the graphene-PVA varies within 5% of a
mean value of 38% across a spectral range of 800-1600 nm. It is worth noting that in both
cavities, pulse formation was dominated by the action of the saturable absorber, while
soliton effects contributed to a shortening of the circulating mode-locked pulses.
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Figure 4.17: Linear absorption spectrum of the graphene-based polymeric film.
Synchronisation measurement
Stable, self-starting mode-locking was achieved in both lasers independently using the
graphene-based saturable absorber. In the non-synchronised state, the spectral and tem-
poral intensity of the Er-laser pulses were maintained while the cavity length was ad-
justed through the delay line. The systems behaved like two independent cavities. When
the repetition rate of the Er-laser was precisely adjusted through the delay line to same
value of the Yb-laser, a passive synchronisation was obtained. Figure 4.18(a) shows the
spectral output of the Yb-laser (in the synchronised state), centred at 1066 nm with a
FWHM width of 0.27 nm, corresponding to a Fourier transform duration of 4.4 ps. Its
corresponding temporal output profile is shown in Fig. 4.18(b), well-fitted with a sech2
pulse shape and the deconvolved pulse width was 5.9 ps. For the Er-laser, the spectral
profile has a FWHM width of 2.22 nm, operated at the central wavelength of 1542 nm,
corresponding to a Fourier transform limit duration of 1.12 ps, shown in Fig. 4.19(a).
Figure 4.19(b) shows the corresponding pulse profile, with a deconvolved width of 1.7 ps.
Synchronously mode-locked operation was confirmed through the characterisation of
the combined electrical spectrum, recorded as a function of the cavity mismatch. In order
to perform a series of measurements the dual output was recombined using a 1.06/1.55
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Figure 4.18: (a) Measured Yb laser optical spectrum, with a FWHMwidth of 0.27 nm, centred at 1066 nm and
(b) the corresponding experimentally measured intensity autocorrelation, with a deconvolved pulse duration
of 5.9 ps.
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Figure 4.19: (a) Measured Er laser optical spectrum, with a FWHMwidth of 2.22 nm, centred at 1542 nm and
(b) the corresponding experimentally measured intensity autocorrelation, with a deconvolved pulse duration
of 1.7 ps.
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Figure 4.20: Fundamental radio frequencies of the Er- and Yb-lasers, corresponding to a cavity mismatch of
(a)L =  0:6 mm; (b)L = 0 mm; and (c)L = 1:0 mm.
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m WDM. Figure. 4.20(a), (b) and (c) show the fundamental cavity frequencies, nor-
malised to the synchronous frequency (fsync), with step variation in the cavity mismatch
(L).
A dual-peak structure (evident on the positive edge of fsync) can be resolved forL =
 0:6mm. Similarly, a second peak (arising on the negative edge of fsync) can be observed
in the electrical spectrum for L = 1:0 mm. At zero cavity mismatch (Fig. 4.18(b)), and
at 30 Hz resolution over a 10 kHz span, a single distinct peak in the electrical spectrum
can be observed at the fundamental round-trip frequency, corresponding to the locking
frequency of 7.2 MHz. It is worth noting that differing from the previous demonstration
of a synchronised system where the fundamental repetition of Er-laser was twice of that
of Yb-laser, the locked frequencies in this system were the same. Pulses from the Er- and
Yb-laser overlap once every round trip time, resulting in a reduction of timing jitter.
Higher harmonics of the fundamental cavity frequency, over a 60 MHz span and at a
resolution of 10 kHz (Fig. 4.21), show no beat notes at aharmonics of fsync, and a signal-to-
noise ratio (SNR) of greater than 30 dB at the 7th harmonic, suggesting our synchronously
locked two-colour laser exhibits relatively low supermode noise.
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Figure 4.21:Higher harmonics of the fundamental cavity frequency, operating atL = 0mm (synchronous
mode).
The locking range, defined as the cavity length mismatch over which the two lasers
maintained synchronism, was determined by tuning the cavity length of the Er-half,
through the adjustment of the intra-cavity optical delay line. Remarkably, given the ul-
trafast response time, and relatively small modulation depth of mono-layer graphene, the
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Figure 4.22: Locked frequency as a function of cavity mismatch, illustrating the locking range.
locking range exceeded 1000 m (Fig. 4.22) which is compatible with the performance of
passively synchronised systems based on carbon nanotubes.
Again, there was no measurable change in the respective output pulse durations apart
from a5% drop in lasing threshold when the two lasers were operating in a synchronous
mode. The mechanism of this passive synchronisation is similar to the synchronisation
through sharing a SWNT saturable absorber. The intrinsic energy structure property9 of
graphene ensures the strong nonlinear coupling effects between two different wavelength
cavities and therefore supports the stable passive synchronisation.
4.4 Sum frequency generation in graphene
4.4.1 Introduction
Optical parametric devices, exploiting wave mixing in nonlinear media, have been ex-
tensively explored as a route to the generation of narrow linewidth, wide-band tunable
and coherent radiation at wavelengths that cannot be directly accessed by the achieved
laser materials [And73]. In addition to second order parametric interactions in nonlinear
optical crystals [Mye95], the third-order nonlinear response of photonic crystal fibre has
recently been exploited in the development of four-wave mixing (FWM)-based sources
generating radiation in the visible spectral region [Har03, Nod09].
9The gapless linear dispersion of Dirac electrons [Sun10a, Sun10b, Pop11] and the fact that any electron-
hole will always be in resonance.
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Figure 4.23: Setup for sum-frequency generation: STF, standard telecommunication fibre; Path lengths
P1=P2 for zero mismatch between the two mixing pulses at the graphene-PVA sample. P1 refers to the
Er-arm, indicated by the black line and P2 refers to the Yb-arm, indicated by the blue line.
Graphene is emerging as a viable alternative to conventional nanomaterials and has
been proven effective as an ultrafast switch, promoting mode-locking in ultrashort pulse
lasers [Sun10a, Sun10b]. Although as a centrosymmetric material that does not exhibit
second-order nonlinearities, it has been proved to exhibit an extremely large and weakly
wavelength-dependent third-order nonlinear response. Reference [Hen10] reports that
the effective nonlinear susceptibility of graphene is j(3)j  10 7 esu (electrostatic units),
approximately seven orders of magnitude larger than literature values for dielectrics, e.g.
fused silica. Therefore, this new carbon material makes itself a suitable medium for co-
herent frequency mixing processes.
Some recent progress of sum frequency generation using graphene has been reported,
with a generated signal centred at 1547.8 nm from two Er-lasers [Xu12]. In this sec-
tion, I will present the results from sum frequency generation in graphene utilising the
graphene based synchronised lasers presented in Section 4.3. A strong, coherent emission
is generated at 800 nm through FWM.
4.4.2 Experiment
The experimental configuration is illustrated in Fig. 4.23: the dual output of the syn-
chronous, two-colour laser was independently amplified in Yb- (IPG Photonics, 20 dBm
gain at 1.06m) and Er-doped (IPG Photonics, 22 dBm gain at 1.55m) fibre amplifiers, re-
spectively. After amplification the two waves were combined using a 1.06/1.55 mWDM,
before being coupled through the graphene-based sample by sandwiching the film be-
tween two fibre connections, thus achieving near-collinear illumination. Walk-off be-
tween the excitation pulses, due to GVD, was compensated by balancing the optical path
lengths, P1 (Er-arm, indicated by the black line) and P2 (Yb-arm, indicated by the blue
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Figure 4.24: Optical spectra of Er-laser after the single-mode amplifier and 12.5 m STF, blue representing
for high power for FWM generation while the green line was recorded with low power and no FWM was
observed.
line) - the distance each pulse travelled from exiting the locked cavities to irradiating the
graphene-based film sample.
A 12.5 m length of STF was inserted into the P1, such that a fibre pigtailed optical delay
line, with a total delay of 300 ps, could be employed to precisely convolve the pulses in
P1 and P2 at the sample.
In addition to balancing the optical paths, the length of STF acted as a stage of self-
compression of the pulses in the Er-arm. Given the duration (TFWHM = 1:7 ps) and
peak power (P0 = 325 W), the effective soliton-order, Ne , of the pulses entering the
STF was7. Thus, high-order soliton effects were expected to dominate over modulation
instability gain, leading to a further increase in the pulse peak power and a down-shifting
of its centre frequency (corresponding to a central wavelength of 1542 nm) to 1601 nm
through self-Raman interaction, shown in Fig. 4.24. This mechanism of self-compression
and frequency shifting of an intense femtsoecond soliton was also verified by numerical
simulation.
The FWM process in the graphene sample can be illustrated using Fig. 4.25. Due to the
intrinsic nature of graphene (weakly wavelength-dependent 3 and negligible disper-
sion), phase matching is not critical. In this case, both degenerate pump FWM and non-
degenerate pump FWM processes can occur once the Er- and Yb-pulses are overlapped
temporally and spatially in the graphene sample. For the degenerate pump FWM process
(shown in Fig. 4.25(a)), the two-colour synchronous source was used as simultaneous
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Figure 4.25: (a) Degenerate pump FWM process. (b) Non-degenerate pump FWM process.
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Figure 4.26: Measured optical spectra after the extra-cavity graphene film. Full span showing the pump,
signal and emission lines..
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Figure 4.27: A close-up of the generated emission, at the energy matched wavelength of e = 796:1 nm.
The dashed grey line is the spectrum taken with a pure PVA film.
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Figure 4.28: SNR, or contrast, of the generated parametric emission as a function of delay between the
excitation pulses.
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pump and signal to demonstrate sum frequency generation. Following !4 = 2!1   !3,
the generated signal should be at 4 = 796:1 nm. For the non-degenerate pump FWM
process (shown in Fig. 4.25(b)), the pump signals were Er- and Yb-pulse and the sum-
frequency generation should be at 4 = 796:1 nm and 3 = 3237:0 nm.
The measured spectrum after the graphene sample is shown in Fig. 4.26. A clear res-
onant spike in emission can be seen at the wavelength, 4 = 796:1 nm. The signal at
the long wavelength side, however, was not observed due to the spectral range limita-
tion of the available spectral analyser. The generated emission line centred at 796.1 nm
was characterised by an optical spectrum analyser with a resolution of 0.01 nm. Fig-
ure 4.27 shows that it has >30 dB signal to noise ratio (SNR) and high spectral purity,
with a FWHM bandwidth of 0.04 nm. In addition to confirm that the high third-order
nonlinear response of the graphene governed the interaction, the same experiment was
conducted with a pure polymeric film. No new spectral components were observed at
energy matched wavelengths, shown in Fig. 4.27 with a dashed grey line.
By tuning the fibre-pigtailed delay line in P1, the SNR or contrast between peak and
background of the generated signal at 796.1 nm was obtained as a function of delay be-
tween mixing pulses, shown in Fig. 4.28. The SNR decays with increasing delay following
a profile that can be approximated by a sech2 line-shape. This functional form can be in-
ferred by considering a convolution of the excitation pulses Fig. 4.18(b)and Fig. 4.19(b).
4.5 Summary
In this chapter, a review of synchronised mode-locked laser sources has been presented
including the background of recent developments in the field. The commonly used meth-
ods to achieve the synchronisation and related applications using two-colour sources
have been reported. The general mechanism of passive synchronisation has also been
discussed and experimental results of the synchronised lasers have been presented.
The synchronisation of an Yb- and Er-fibre laser was achieved by sharing a SWNT
saturable absorber. A cavity mismatch tolerance of1400 mwas obtained and the RMS
timing jitter was 600 fs from 1 Hz to 4 kHz.
In addition, graphene was demonstrated as a simultaneous saturable absorber and pas-
sive synchroniser to lock the repetition frequencies of two separate oscillators with1000
m cavity mismatch tolerance. The locked dual-wavelength picosecond fibre source was
then used to generate sum frequency generation in an extra-cavity graphene film. A
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high spectral purity, coherent mixing signal was generated around 800 nm confirming the
generation of coherent parametric emission at large mixing frequency shifts in graphene-
based device. This monolithic all-fibre source underlines the fact that graphene will con-
tinue to be at the core of next-generation ultrafast nonlinear photonic systems.
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5 Conclusion and outlook
This thesis has described experiments directed towards advancing mode-locked fibre
lasers and applications of fibre-based technology. The results and analysis have been
discussed in each of the experimental chapters, highlighting significant improvements.
Therefore, in this chapter, it is the intention to provide a brief review and discussion of
advancements made, state potential improvements and applications and outline future
prospectives.
In chapter 2 a number of novel saturable absorber devices, in particular nano-materials
(i.e. carbon nanotubes and graphene) and ionically-doped coloured glass were investi-
gated to establish their optical properties (including linear and nonlinear absorption) and
potential as saturable absorbers in mode-locked fibre lasers. Carbon nanotube saturable
absorber devices were extensively used throughout the thesis to initiate and stabilise the
mode-locking. This technology has been widely exploited in academic research since the
first demonstration in 2003 [Set03] due to a number of favourable properties, i.e. broad-
band operation, ease of all-fibre integration, and thus offers the potential application in
commercial systems, taking the place of semiconductor saturable absorber mirrors that
require complex fabrication, packaging and having a limited bandwidth. In addition to us-
ing such absorber devices in a soliton laser, the demonstration of nanosecond pulse gener-
ation in an all-normal dispersion laser based on a carbon nanotube saturable absorber was
also presented, showing a special class of pulse solution, with highly chirped structure. It
has been reported that such solutions are capable of handling a higher level power com-
pared to other regimes (i.e. soliton, dispersion-managed soliton and self-similar regimes)
due to tolerating a larger nonlinear phase shift. Therefore, such lasers show the possibility
to further scale the output power from compact, fibre-based systems.
In addition, this thesis concentrated on the development of graphene-based saturable
absorber devices. In recent years, the nonlinear absorption properties of this novel carbon-
based saturable absorber device has been extensively exploited in a variety of lasers op-
erating at different wavelengths and regimes [Sun10a, Pop10, Zha12]. We demonstrated
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the mode-locked performance of a Tm-doped fibre laser operating at 1.94 m, using a
graphene-polymer based saturable absorber. The laser generated 3.6 ps pulses with 0.4 nJ
energy, demonstrating the operation of graphene at 2 m for first time. This fibre-based
configuration supports low noise operation (amplitude fluctuation of 0.5 %) in a small
footprint, suitable for packing in a compact single-unit system.
Furthermore, the demonstration of the ionically-doped coloured glass, behaving as a
simple, cost-effective device that can be employed as an optically robust saturable ab-
sorber in a fibre laser was also discussed in this chapter. Results of passive mode-locking
in a ytterbium-doped fibre laser, operating with all-normal and net-anomalous cavity
dispersion were reported for the first time. This could have significance in the ongoing
development of power scaling, low-cost, and compact self-starting sources of picosecond-
scale pulses, delivered by all-fibre systems.
In chapter 3 I have demonstrated mode-locked ultrashort pulses generated from Tm-
doped fibre laser based on nanotubes with reliable performance. This source was used as
the seed oscillator in a chirped pulse amplification system. Sub-picosecond pulses with 12
kW peak power operating at 1.95 m were achieved and used to pump an optimised 3.4
m length of 75 mol.% concentration GeO2 fibre which has a number of favourable prop-
erties, such as superior mid-IR transmission, large Raman scattering cross-section and
ease of integration with single-mode fibre. A Raman-soliton continuum was generated,
extending from 2 to 3 m. This approach provides a robust, long-term stable source of ra-
diation in an important band, coincident with a portion of the atmospheric transmission
window.
Chapter 4 concentrated on the demonstration of a simple and compact passive two-
colour source. Experimental results showed that carbon nanotubes and graphene can
perform as a simultaneous saturable absorber and passive synchroniser to lock the rep-
etition frequencies of two individual oscillators (an erbium- and ytterbium-laser) with
remarkable cavity tolerance, exceeding 1000 m. The carbon nanotube based synchro-
nised two-coloured source was measured to exhibit a root-mean-square timing jitter of
600 fs from 1 Hz to 4 kHz (the jitter mainly arose through lower frequency noise, 530
fs from 1 Hz to 1 kHz). The graphene based synchronisation was applied as a pump
source to demonstrate sum frequency generation in an extra-cavity graphene-polymer
composite film, for the first time, at large frequency shift. A high spectral purity, coher-
ent mixing signal was generated around 800 nm exploiting four-wave mixing mediated
by the large 3 of graphene. This approach underlines the fact that graphene, exhibiting
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strong nonlinear absorption and fast carrier dynamics, will continue to be at the core of
next generation ultrafast nonlinear photonic systems.
Compact and all-fibre mode-locked lasers with novel saturable absorbers enabled the
results of fibre-based source applications presented in this thesis. Future work will follow
these directions - investigating supercontinuum generation in the mid-infrared region (3-
5m) and developing the fibre-integrated, simple and compact optical parametric devices.
Due to the increasing number of applications in the mid-infrared spectral region, it is
necessary to extend the long wavelength of the supercontinuum to 5 m or even further.
This requires the optimisation of both the pump source and the nonlinear fibre used as
the medium for spectral broadening. To overcome the issue of the exponential increase
of the fibre loss beyond 2 m, it is important to scale the peak power of the pump source
to the hundreds of kilowatt or megawatt level such that the length of the nonlinear fibre
used in the supercontinuum generation can be much shorter (tens of centimetres or few
metre).
Preamplifier Stretcher Amplifier Compressor
Seed
oscillator
Figure 5.1: Proposed configuration of a chirped pulse amplification. Grey background areas indicate the
improved parts compared to the demonstration shown in Chapter 3.
Figure 5.1 shows the proposed configuration of a chirped pulse amplification. Firstly,
a low-power preamplifier (single-mode Tm-fibre) will be used prior to the stretcher to
increase the energy of the pulse (approximately one order of magnitude). A higher input
power to the stretcher allows the use of a longer length fibre (due to the loss coefficient of
the stretcher-fibre of2 dB km 1), which is also preferable since the longer the pulses can
be stretched, the higher they can be amplified without involving significant nonlinearity.
In addition, the spectrum of the pulse after the preamplifier will be broader, which is
preferable since it governs the duration of the pulses that can be stretched.
Additionally, an improvement will also be made to the amplifier since the use of a
single-mode Tm-doped amplifier limits the maximum energy that can be sustained in the
fibre. To overcome this issue, a large-mode-area (LMA) amplifier will be used. The large
effective mode areas (on the condition of single-mode propagation, the effective mode
area of a LMA fibre could be hundreds or even thousands of m2 while the effective
area of single-mode fibre is typically below 100 m2) of this fibre can effectively reduce
nonlinearities and increase damage threshold, which makes it suitable for use in the high
amplification process. Alternatively, rod-type fibre can also be used in the amplifier since
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such fibre has been reported to have a cylindrical symmetry that ensures single-mode
operation with ultra large effective mode area (thousands of m2) [Jai13]. Typically, rod-
type fibre can handle megawatts level peak power maintaining high quality and without
involving any thermal lensing effects. Therefore, this fibre bridges and overlaps the fibre
world with the crystalline rod based world.
While hundreds of kilowatt or megawatt level peak power may be achieved based on
the improvements of the chirped pulse amplification process, it is also important to con-
sider the use of non-silica glasses due to the significant loss of silica beyond a wave-
length of 2 m. The fundamental material properties of these glasses can enhance su-
percontinuum generation across the mid-infrared region since these glasses can have in-
trinsic nonlinearities approximately 2-3 orders of magnitude higher than that of silica
[Dud10]. Progress has been made using chalcogenide and fluoride fibres pumping with
1.5 m pulses, with continuum up to 4.5 m being reported [Xia06, Kul11, Hei13]. In
our proposed experiment, to extend the infrared edge of the continuum, such fibre will
be pumped with a high power 1.9 m signal generated from the chirped pulse amplifi-
cation system discussed above.
Most recently, it has been reported that supercontinuum generation can be achieved
in the mid-infrared using dispersion engineered chalcogenide glass waveguides [LD13]
and silicon-on-insulator wire waveguides [Lam13]. The achieved supercontinuum span-
ning from telecom to mid-infrared wavelengths beyond 3.6 m demonstrates that these
waveguides are suitable as the nonlinear medium for broad bandwidth continuum gen-
eration.
Another direction of the future prospectives, based on the achievement presented in
this thesis, is the development of on-chip optical parametric devices. The development
of an optical parametric source on silicon is a highly important component of a fully in-
tegrated silicon photonic circuit platform for lab-on-chip applications. In addition, such
an integrated system is essential for applications in spectroscopy, metrology, sensing, and
optical signal processing. To date, on-chip nonlinear nanophotonic systems have been re-
alised in various platforms, such as, silica, silicon and diamond [Hau13]. In recent years,
carbon materials, particularly graphene, have emerged as a promising platform for on-
chip photonics, which intrinsically combine the advantages of a high nonlinearity ((3))
and a broad bandwidth absorption window. One interesting application of this nonlin-
ear carbon material lies in the field of photonics, allowing the frequency mixing that has
been demonstrated in Chapter 4. Although the efficiency of the coherent mixing signal
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at 800 nm is not high due to the short interaction length (the thickness of graphene-base
sample), this simple, compact, robust, low-power consuming source provides the possi-
bility of replacing a complicated and expensive system, e.g. Ti:sapphire, in a number of
applications, such as biophotonics. In addition, this efficiency may be solved by the future
progress of materials science (e.g. surface plasmon polaritons to enhance the field inter-
action [Tas12]). With any research based work, predictions should always be viewed with
some caution. It is hard to imagine that this on-chip system will not be made, given the
consistently significant progress being made in the fields of both photonics and materials
science over the past decades.
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